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ABSTRACT

CIRCADIAN MODULATION OF BRAIN AREAS THAT CONTROL THE

SLEEP-WAKE CYCLE IN DIURNAL AND NOCTURNAL RODENTS

B y

Colleen M. Novak

The sleep wake cycle follows a circadian pattern that depends

upon a signal from the suprachiasmatic nucleus (SCN), the primary

circadian pacemaker in mammals, regardless of whether the animal

is active during the day (diurnal) or night (nocturnal). The work

presented in this dissertation investigated how the SCN differentially

modulates brain areas known to be important in the control of sleep

or wakefulness in nocturnal and diurnal animals, using the

immediate-early gene product Fos as an index of neuronal activity.

The daily patterns of Fos expression in these brain regions were

monitored in the nocturnal murid rodent, Rattus norvegicus, and in a

diurnal murid rodent, Arvicanthis niloticus.

In both the diurnal and nocturnal species, Fos expression in the

ventrolateral preoptic area (VLPO) showed a significant daily rhythm

that peaked during the inactive phase of the cycle, when sleep

episodes are frequent. The VLPO was found to receive only a minor



direct input from the SCN. Therefore, the circadian regulation of

VLPO neural activity is likely to involve multisynaptic pathways or

the effects of humoral outputs of SCN neurons.

Rhythms of Fos activity were also detected in the

paraventricular thalamic nucleus (PVT) and in the centromedial

thalamic nucleus (CMT) in the rat. Further, Fos expression in the PVT

and CMT was negatively correlated with Fos expression in the VLPO.

In the PVT of both species, significant peaks of neural activity were

associated with times of peak behavioral activity. In both species,

the PVT receives projections from the SCN, some of which are

vasopressinergic. Therefore, circadian regulation of PVT neural

activity is likely to be mediated by direct inputs from the SCN. In A.

niloticus, but not in the rat, neuronal activity in the histaminergic

cells of the ventral tuberomammillary nucleus was associated with

behavioral activity and wakefulness at dawn and dusk. This species

difference suggests that the support of wakefulness may involve

different neural systems in nocturnal and diurnal mammals.

In summary, the interactions between the SCN and regions of

the brain that control vigilance and sleep differ between species and

may be responsible for the emergence of a diurnal or nocturnal

pattern of behavior.
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INTRODUCTION

Circadian and Homeostatic Control of Sleep.

Most organisms show daily rhythms in physiology and

behavior. These rhythms are endogenous, and environmental cues

regulate the phase and period of the rhythms (Klein et al., 1991).

The suprachiasmatic nucleus (SCN) is the principal generator of these

circadian rhythms in mammals, as well as in many non-mammalian

species (Klein et al., 1991). Although the SCN has been intensely

studied (Klein et al., 1991), little is known about how the SCN affects

specific brain regions to produce hormonal and behavioral rhythms.

The‘sleep-wake cycle is a salient behavioral rhythm controlled by

the circadian clock of the SCN. Thus, the activity of brain areas that

control the sleep-wake cycle are likely to be modulated by the SCN.

Sleep and arousal are not unitary (single, inseparable)

phenomena, and many brain areas and pathways are important in

the coordination of the sleep/wake cycle. One group of cells

important for the induction of sleep has been localized in the basal

forebrain (BF) and preoptic area/anterior hypothalamus (PO/AH).

Large lesions of the preoptic area (POA) in the cat cause long-term

reductions in sleep with only partial recovery over time (Lucas and

Sterman, 1975; McGinty and Sterman, 1968), indicating that this



brain region is important in sleep induction. The loss of sleep is

accompanied by increased wakefulness, not increased drowsiness

(Lucas and Sterman, 1975). Chemical lesions of the BF produce

similar deficits (Szymusiak and McGinty, 1986a). In rats, lesions of

the POA also cause suppression of slow wave sleep (SWS), and this

decrease in sleep is potentiated by low ambient temperatures

(Szymusiak and Satinoff, 1984). Consistent with results of lesion

studies, bilateral stimulation of the PO/AH induces sleep (Sterman

and Clemente, 1962b), and stimulation of the BF results in EEG

synchrony (Sterman and Clemente, 1962a), a hallmark of SWS.

Warming of the BF also hastens sleep onset (Krilowicz et al.,. 1994;

Roberts and Robinson, 1969).

The results of electrophysiological studies also reveal the

importance of neural activity in the POA/BF in sleep control. In the

POA, activity of 84% of single cells sampled displayed increased

firing during sleep (Kaitin, 1984), and a subset of BF neurons

displayed maximal firing in sleep as well as in the transition into

SWS (Szymusiak and McGinty, 1986b). Multiple unit activity (MUA)

in the POA also increased during SWS (Ogawa and Kawamura, 1988).

Preoptic cells show changes in activity correlated with the transition

from EEG desynchrony to the synchronous EEG pattern typical of SWS

(Mallick et al., 1983). Following an arousing stimulus that induced



cortical desynchrony, many of these neurons decreased their activity

(Nufiez, 1996). Taken together, these data indicate that increased

neuronal activity in the POA/BF is closely associated with both

electrophysiological (EEG) and behavioral indicators of sleep.

Whereas cell populations in the POA/BF are involved in sleep

onset and maintenance, brain structures in the posterior lateral

hypothalamus are critical for waking and vigilance (Kinomura et al.,

1996; Lin et al., 1989). Lesions of the posterior lateral hypothalamus

(PLH) in rats leads to the lateral hypothalamic syndrome, with

symptoms that include decreased arousal and vigilance and with

increased somnolence (Danguir and Nicolaidis, 1980; Shoham and

Teitelbaum, 1982; Szymusiak et al., 1989). It has been suggested that

the lateral hypothalamus influences activity in the brainstem and

midbrain reticular formation (Paré et al., 1989; Steriade et al.,

1982b), and damage to this circuit results in somnolence. However,

lesions of the lateral or posterior lateral hypothalamus that produce

the lateral hypothalamic syndrome cover a large area of the brain

and affect behaviors other than sleep (Danguir and Nicolaidis, 1980;

Kolb et al., 1979). Therefore, it is more useful to describe this area of

' the hypothalamus in terms of specific connections and pathways.

More restricted lesions of the posterior portion of the lateral

hypothalamus result in behavioral somnolence and EEG synchrony



(Szymusiak et al., 1989), and cells in the posterior lateral

hypothalamus have been associated with behavioral activation

(Krilowicz et al., 1994). Specifically, histaminergic cells in the

tuberomammillary nuclei (TMN) in the posterior hypothalamus,

which project throughout the brain including the cerebral cortex, are

critical for behavioral arousal in rats (Kalivas, 1982; Kiyono et al.,

1985; Monti, 1993; Monti et al., 1988; Panula et al., 1989). It is

therefore important to determine the relationship between the TMN

and the POA/BF since these areas appear to play opposing roles in

the control of sleep and wakefulness. Tract tracing studies have

shown that GABAergic cells in the POA project to the PLH in rats

(Gritti et al., 1994) and electron microscopy has revealed that

GABAergic terminals contact TMN neurons (Ericson et al., 1991b).

Microinjections of muscimol, a GABA agonist, into the posterior

hypothalamus induce sleep, whether the POA is damaged or intact

(Lin et al., 1989; Sallanon et al., 1989), and warming of the POA

decreases firing in the PLH and induces sleep (Krilowicz et al., 1994).

Therefore, the forebrain areas important in the sleep wake cycle can

influence sleep by affecting neurons in the PLH, and specifically

histaminergic neurons in the TMN. Activation of POA/BF sleep areas

induces the onset of SWS at least partially by inhibiting the PLH and



TMN via GABAergic projections, thereby decreasing cortical and

behavioral activation (Lin et al., 1989; Szymusiak et al., 1989).

Specific cell groups within the preoptic area may modulate

sleep onset and maintenance. In the rat ventrolateral preoptic area

(VLPO), there is a cluster of cells that shows increased activity during

sleep, as evidenced by greater numbers of cells immunoreactive for

Fos (Fos+), the product of the early-immediate gene c-fos (Sherin et

al., 1996). This increase in VLPO Fos expression is associated with

recent sleep experience rather than time of day; after sleep

deprivation uncouples the display of sleep states from the circadian

cycle, Fos expression in the VLPO still increases during sleep. This

supports the claim that VLPO cells are involved in regulating

homeostatic aspects of sleep (Sherin et al., 1998; Sherin et al., 1996).

Recent electrophysiological experiments have shown that increases in

firing rate of sleep-active VLPO cells occurs before changes in EEG

indicated sleep onset (i.e., EEG delta activity) (McGinty et al., 1997).

Tract tracing experiments show that VLPO cells project to the TMN,

locus coeruleus (LC), and the raphe nuclei (Sherin et al., 1998). The

VLPO may be one source of inhibitory inputs to the histaminergic

neurons of the TMN that regulate vigilance, as well as to other

regions important in inducing arousal and wakefulness.



The thalamus is also an important component of circuits that

control sleep and vigilance. The intralaminar thalamus relays

information from the midbrain reticular formation (MRF) to the

cerebral cortex, a pathway important in the regulation of attention

and vigilance (Steriade and Glenn, 1982) and EEG desynchronization

(Kinomura et al., 1996). The intralaminar and midline thalamic

nuclei, such as the centromedial thalamic nucleus (CMT) and the

paraventricular thalamic nucleus (PVT), respectively, also play a role

in the sleep-wake cycle. In rats, the PVT shows more Fos activity

(greater number of Fos+ cells) in the dark (active) phase of the cycle,

after the rats had spent at least 70% of their last 2 hours awake

(Peng et al., 1995). In humans, the intralaminar nuclei have been

shown to be active during states of vigilance and attention (Kinomura

et al., 1996). In both the PVT and CMT, neural activation is seen

while animals engage in functions that are incompatible with sleep.

Afferent and efferent projections of these thalamic nuclei further

support the claim that these nuclei modulate the daily activity cycle.

The PVT has reciprocal connections with the SCN (Moga et al., 1995;

Watts and Swanson, 1987; Watts et al., 1987), and receives input

from both the intergeniculate leaflet (IGL) as well as the retina

(Moga et al., 1995). Both the retina and IGL provide input to the SCN

important for entrainment of circadian rhythms (Johnson et al.,



1988a; Rusak et al., 1989). The PVT relays information to regions of

the basal forebrain involved in motivation and reward, and may

provide the SCN with feedback about the general arousal and

motivational state of the organism. Projections from the CMT

terminate in the frontal cortex (Berendse and Groenewegen, 1991)

and serve to modulate general cortical excitability and hence

attention. These areas are likely to play important roles in the

expression of the sleep-wake cycle.

The need for sleep is regulated by homeostatic mechanisms; for

example, sleep deprivation results in sleep rebound, which is the

enhancement of sleep seen after deprivation (Trachsel et al., 1986).

In addition to this homeostatic regulation, circadian mechanisms

have a profound influence on sleep timing, even after sleep

deprivation (Mistlberger et al., 1983). Various mathematical models

have been proposed to explain and predict circadian/homeostatic

interactions in the control of sleep. A model proposed by Borbély et

al. (1979) aims to explain how the timing of sleep onset and

termination are modulated by circadian influences on homeostatic

mechanisms: the circadian pacemaker modulates the threshold to fall

asleep throughout the day (for example, lowering the threshold for

sleep during the night in humans). Other models (Strogatz, 1987)

address how the desire and ability to initiate sleep in humans is



influenced by two circadian oscillators, one controlling the sleep

wake cycle per se, and the other controlling the rhythm in body

temperature. Although these models combine circadian and

homeostatic factors to make accurate predictions about parameters

of the sleep cycle, they provide no information about the relevant

neural circuits. Research on the brain circuitry involved in

circadian/homeostatic interactions is needed for the development of

functional anatomical models of sleep cycle regulation.

A necessary component of any neuroanatomical model of

circadian sleep regulation is the SCN, which serves as the generator

of the circadian signals. Lesions of the rat SCN eliminate the

circadian rhythm of sleep without affecting the homeostatic aspects

of sleep (Mistlberger et al., 1983; Tobler et al., 1983). Following SCN

lesions in rats, the animals show sleep rebounds after sleep

deprivation (Tobler et al., 1983), and the ultradian sleep rhythm

(cycle of sleep stages) remains intact (Mistlberger et al, 1983). One

difference between animals with SCN lesions and intact animals lies

in the timing of sleep recovery after sleep deprivation: circadian

influences on sleep recovery are evident in the intact animals, but

area absent after SCN lesions (Mistlberger et al., 1983). After sleep

deprivation in intact rats, an episode of SWS rebound that begins in

the light phase occurs in a single stage, whereas recovery that begins



in the dark phase occurs in two stages. The two-stage pattern seen

in the dark seems to be due to the fact that under those conditions,

the rats initiate the sleep rebound episode at a time coincident with

their active phase. As a result of this coincidence, the sleep episode

in the dark is relatively short. Later, the animals initiate a second

rebound sleep episode in the light phase (Borbély and Neuhaus,

1979). A circadian modulation of rebound sleep is not seen in SCN-

lesioned rats (Mistlberger et al., 1983). Together, these data imply

that a circadian signal inhibiting sleep or promoting wakefulness is

present during the dark phase in nocturnal animals.

The claim that the SCN is not directly involved in the

homeostatic regulation of sleep is challenged by the results of a

lesion experiment on squirrel monkeys, a diurnal primate (Edgar et

al., 1993). In that study, monkeys with SCN lesions showed a

significant increase in total sleep time. The authors attributed this

change to a deficit in "wakefulness initiation" after SCN lesions (Edgar

et al., 1993), suggesting that the SCN normally induces wakefulness

or inhibits sleep in this species, and suggested that this homeostatic

function of the SCN may be a.feature of diurnal (day-active) species.

However, it is possible that this effect of SCN lesions is unique to

monkeys (or primates in general) and not related to diurnality per

se, especially considering the highly consolidated sleep patterns of



primates when compared to rodents. Alternatively, the reduced

wakefulness of monkeys with SCN lesions may be secondary to the

reduction in general activity seen after damage to the anterior

hypothalamic / SCN regions, which has been documented in other

species (Brown and Nunez, 1986). Additional comparative research

is needed to investigate the possible differences in the circadian

regulation in diurnal and nocturnal mammals, as well as the possible

influence of the SCN on sleep homeostasis.

Sleep and Circadian Rhythms in Diurnal and Nocturnal Mammals.

Although physiological and behavioral variables follow

predictable circadian patterns, animals differ in how their daily

activity relates to the light-dark cycle; namely, some animals are

active during the dark phase (nocturnal), some during the light phase

(diurnal), and still others during dawn and dusk (crepuscular). Little

is known about the differences between neural structures controlling

the circadian systems of diurnal and nocturnal species, and much of

what we know about circadian physiology comes from studies using

nocturnal rodents, with a few notable exceptions discussed below.

WWOne possible

difference between rhythms in diurnal and nocturnal animals is their

response to light. Exposure to light will shift the phase of a free-
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running rhythm depending upon the circadian time (CT, where CT 12

is the onset of activity in nocturnal animals) at which the animal sees

light; these data (the number of hours phase advanced or delayed)

can be plotted to yield a phase-response curve. In nocturnal rodents,

only light pulses during the subjective night (CT 12-24) phase shift

the animals’ rhythms (Klein et al., 1991). However, in one species of

diurnal rodent, the Octodon degus, light pulses at CT 4 induce phase

shifts in the activity cycle (Krajnak et al., 1997). Therefore, light

pulses a the same time relative to peak SCN activity have different

phase shifting effects in rats and degus. These data imply that

species differences in daily rhythms may be partially due to

differential responsiveness of the SCN to light.

In nocturnal rodents, light pulses presented at times when

phase shifts are induced also result in increased Fos expression in the

SCN (Klein et al., 1991). However, in the diurnal chipmunk, light

pulses presented in both the subjective day and the subjective night

induce Fos expression in the SCN (Abe et al., 1995). Unlike other

rodents, light pulses failed to induce noticeable phase shifts in

chipmunks, regardless of the phase of the rhythms at which they

were presented. Thus, the effects of light on the SCN and behavioral

rhythms may be different between diurnal and nocturnal rodents.

Moreover, the sensitivity of subregions within the SCN may also

11



differ between diurnal and nocturnal animals. In nocturnal rats and

hamsters, light pulses induce Fos expression mostly in the

ventrolateral portion of the SCN (SCNvl) (Klein et al., 1991; Rea,

1992), but a measurable increase in Fos expression can be found

throughout the rat SCN after light pulses at CT 16 (Krajnak et al.,

1997). In diurnal degus, it was found that light pulses at CT 16

increased Fos expression only in the SCNvl, and light pulses

presented at CT 4 decreased the amount of Fos expression in the

dorsomedial part of the SCN (SCNdm) (Krajnak et al., 1997).

Additional observations indicate that Fos activity induced by light is

expressed in different peptidergic groups of the SCN of rats (Earnest

and Olschowka, 1993; Earnestet al., 1993; Romijn et al., 1996) and the

diurnal Arvicanthis niloticus (Katona and Smale, 1997). For example,

Fos expression in vasopressin-immunoreactive (AVP+) cells in the

SCN increases during the light phase in A. niloticus housed on a 12:12

light:dark cycle, whereas very few Fos+ AVP-containing cells are

ever found in the SCN of rats (Rose et al., 1999). Thus, differences in

activity patterns throughout the day may be due in part to species

differences in how light affects distinct neuronal populations of the

SCN, which may in turn serve different functions in diurnal and

nocturnal animals.

12



Similarities in SCN activity patterns across species. Although

species differences exist in how light pulses affect the SCN of

nocturnal and diurnal animals (see above), other observations have

identified similarities in SCN function across species that show very

different activity patterns with respect to the light/dark cycle. For

example, taken as a whole, the SCN is metabolically more active

during the light phase of the cycle in both nocturnal and diurnal

mammals (Schwartz et al., 1980; Schwartz et al., 1983). Similarly,

when animals are kept on a 12:12 light-dark cycle, the temporal

pattern of Fos expression in the SCN in Arvicanthis is similar to that

seen in the rat (Katona and Smale, 1997; Nunez et al., in press). In

both species, Fos immunoreactivity is high in the light and low

during darkness (Nunez et al., in press). Lastly, the SCN neuronal

firing rates peak in the light phase regardless of the phase in which

the animals are active (Kurumiya and Kawamura, 1988; Sato and

Kawamura, 1984a). Given these common features, it is possible that

differences in the phase of behavioral rhythms across species result

from the differential responsiveness of SCN targets to clock signals

received via axonal projections of the SCN (Watts and Swanson, 1987;

Watts et al., 1987), although the possibility remains that SCN targets

respond to a diffusible product of SCN neurons (Lehman et al., 1995;

13



Silver et al., 1996). These questions have yet to be answered in a

suitable diurnal animal model.

The presence of apparent common patterns of neural activity

in the whole SCN of diurnal and nocturnal mammals does not rule out

possible species differences within specific neuronal groups of the

SCN. Neuronal subpopulations within the SCN may send different

signals to target brain regions. In this manner, neurons controlling

the rhythm of AVP concentration in the cerebrospinal fluid (CSF)

and those controlling melatonin secretion, rhythms that are similar in

diurnal and nocturnal animals (Illnerova, 1991; Reppert et al., 1987),

should have similar activity patterns in all species. Contrary to this,

neurons controlling rhythms that differ between species should have

different activity profiles across the light:dark cycle in different

species.

Progress in the understanding of the workings of the circadian clock

in diurnal mammals has been slowed by the lack of a convenient

animal model. The Arvicanthis niloticus (unstriped Nile grass rat, see

Figure 1), a diurnal rodent indigenous to Africa, represents an

attractive animal model to investigate the workings of the circadian

system in diurnal mammals and to study the differences and

similarities between diurnal and nocturnal species (Katona and

Smale, 1997; McElhinny et al., 1997). Using Arvicanthis and Rattus
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Figure 1. Photograph of the diurnal murid rodent, Arvicanthis

niloticus, in captivity



norvegicus, the differences between nocturnal and diurnal animals’

SCN, as well as differences in targets of the SCN, can be investigated.

The following experiments were designed to investigate how

the activity patterns of selected regions of the brain differ between

species with divergent activity and sleep patterns across the day-

night cycle. The experiments in this dissertation were designed to

test the following hypothesis: differences in daily sleep-wake

patterns between species can be explained by differences in the

temporal pattern of neural activity in specific brain regions

important for sleep and wakefulness. Alternatively, these brain

regions may function differently in diurnal and nocturnal animals. A

testable prediction from this hypothesis is that brain regions that

differentially support sleep and wakefulness in nocturnal animals

should display rhythms in Fos expression consistent with the overt

display of sleep and wakefulness of the species (see Experiments 1

and 5). Further, since the SCN imposes a circadian rhythm on sleep,

brain regions important in sleep that display rhythms in Fos

expression should receive direct neural input from the SCN

(Experiments 2 and 6). Before testing these predictions, however,

preliminary experiments had to be conducted to determine (1) the

sleep/wake pattern in the diurnal animal used in these studies, the

Nile grass rat, and (2) the precise location and characteristics of the
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sleep-active cell group of the VLPO in diurnal grass rats

(Experiments 3 and 4).
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EXPERIMENT 1: Daily Rhythms in Fos expression in Brain Areas

Related to the Sleep-Wake Cycle in the Nocturnal Rat (Rattus

norvegigus).

It is hypothesized that species differences in the timing of the

sleep/wake cycle are the result of different daily patterns of activity

in brain regions that control sleep and wakefulness. As a first step

towards a test of that hypothesis, the presence of rhythms in Fos

expression in the brain of the nocturnal laboratory rat was

determined. In the rat, brain areas important for the onset and

maintenance of sleep are likely to be more active during the light

than the dark phase of the cycle. The VLPO is one brain area that

has been shown to increase in activity during sleep in rats (Lu et al.,

1998; McGinty et al., 1997; Sherin et al., 1998; Sherin et al., 1996).

Conversely, brain areas such as the PVT, CMT, and TMN, which are

important in maintaining wakefulness and arousal, are expected to

increase Fos expression during the dark phase of the cycle, when rats

are active. This experiment was designed to document the

occurrence of daily rhythms in Fos expression across the day-night

cycle in brain areas previously shown to be critical in the control of

sleep and arousal in rats.
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In this study, animals were taken at four different times of day

in order to obtain information about Fos expression at the beginning

and middle of each the light and dark phase of the cycle. The areas

examined for Fos expression were the VLPO, PVT, CMT, and two

subdivisions of the TMN.

Method:

Animals. Thirty-two adult male rats were individually housed

on a 12:12 Light:dark (L:D) cycle, with lights on at zeitgeber time (ZT;

hours after lights-on) 0; a dim red was on all the time. Animals were

fed and watered ad libitum with Harlan 8640 Teklad 2215 rodent

diet and tap water.

Tissue Collection. Animals (n=8/sampling time) were perfused

at ZT 1, ZT 5, ZT 12.5, and ZT 17. The rats were injected with the

Equithesin (1.5 ml) in the animal room; at ZT 12.5 and 17, a light—

tight hood (tin foil) was placed over their heads in order to prevent

light from reaching the retina and to avoid light-induced Fos

expression in the SCN. The animals were then perfused with 0.01M

phosphase buffered saline (PBS) followed by 4% paraformaldehyde

mixed with 0.2% sodium periodate and 1.3% lysine (PLP) in PBS.

Brains were postfixed for 24 hours and then transferred to 20%

sucrose in PBS. The brains were sectioned at 30pm using a freezing
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microtome. The sections were divided into three sets and stored in

cryoprotectant for later use.

FQS Immunocytochemistry. Every third section was processed

for Fos immunocytochemistry (ICC) using a rabbit anti-fos primary

antibody (Santa Cruz); all incubations and rinses were done with

rotation at room temperature unless otherwise noted. The tissue was

rinsed in 0.1M PBS for 2 hours and 40 min, then incubated in NGS

(5%; Vector Laboratories) in PBS-tx for 1 hr, 45 min. The tissue was

then washed (3X10 min) and incubated in the primary antibody

(1:1000) with 3% NGS in PBS-tx overnight at 4°C. The sections were

then rinsed and incubated in the biotinylated secondary antibody

(goat anti-rabbit; Vector Laboratories) 1:250, with 3% NGS, in PBS-tx

overnight at 4 C. Sections were washed and incubated in avidin-

biotin solution (7.5 ul/ml A and B PBS; ABC elite kit, Vector

Laboratories), for 2 hours, 10 min. After rinsing, the chromagen,

3,3’-diaminobenzidine (DAB), was added to Trizma buffer, and the

sections were pre-incubated for 2.5 min; hydrogen peroxide (2%) was

added, and the sections were incubated for 6 min. The tissue was

then mounted onto gelatin-coated slides and the number of Fos+ cells

was counted using a Zeiss microscope.
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Microscopic Analysis. The VLPO was identified in the rat

following the description in Sherin et a1. (1996). An area (190nm)2

in the VLPO was counted bilaterally at 250X. In each brain region,

the data were averaged to give a mean number of Fos+ cells per

section. The number of Fos+ cells in the PVT was also counted. The

PVT was divided into anterior, middle, and posterior, using the

landmarks described in Peng, et al. (1995): the anterior PVT was

bounded by the stria medullaris and the third ventricle dorsally; the

middle and posterior PVT were located ventral to the habenula; the

posterior PVT was also more distinctly bilateral (two nuclei as

opposed to one midline nucleus) than the middle PVT. The CMT was

identified using the Paxinos and Watson rat brain atlas (Paxinos and

Watson, 1997) and an area of (300nm)2 was counted 250X with the

aid of an optical grid. The TMN was located in the posterior

hypothalamus (Ericson et al., 1987; Paxinos and Watson, 1997) and

was separated into two subdivisions. The ventral TMN (VTM) is

located on the lateral edge of the posterior hypothalamus, and was

quantified at 400X magnification using an optical grid; an area

(150nm)2 was counted. The dorsal TMN (DTM) was located lateral to

the dorsal portion of the third ventricle in the posterior

hypothalamus, and an area (120 um)2 was counted.
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All data were analyzed using a one-way analysis of variance

(ANOVA) for each brain region, with the number of Fos+ cells per

section as the dependent variable and the ZT as the independent

variable; Fisher's PLSD was used for pairwise analyses. The numbers

of sections used for the analysis of each region were counted and

subjected to an ANOVA to determine if there were group differences

in the number of sections analyzed which may bias the analyses; no

differences were found. Correlation coefficients were also calculated

for each brain area combination.

Balms:

Zeitgeber time significantly affected the number of Fos+ cells

(p=0.0001) in the VLPO of rats (see Figures 2 and 3). There were

more Fos+ cells in the VLPO of animals taken at ZT 5 and ZT 12.5 than

at ZT 1 and ZT 17 (p<0.001).

Figure 2 shows the significant (p<0.0001) rhythm in Fos

activity in the whole PVT over the light-dark cycle. Fos expression

in the PVT at ZT 1 was significantly different from all other time

points (p<0.01). Fos+ cell number from animals at ZT 17 was also

significantly different from ZT 5 and ZT 12.5 (p<0.001). All regions of

the rat PVT (anterior, middle, posterior) showed the same pattern

(except that for the middle PVT, ZTl and ZT 17 were not significantly

22



Figure 2. Rhythms in Fos+ cells in the ventrolateral preoptic area

(VLPO), paraventricular thalamic nucleus (PVT), and centromedial

thalamic nucleus (CMT), but not in the ventral or dorsal

tuberomammillary nuclei (VTM, DTM) over the 12:12 light:dark

cycle in rats. Yellow bars represent daytime, and dark bars

represent nighttime. a. different from zeitgeber time (ZT, hours

after lights-on) 5 and ZT 12.5, b. different from ZT 17 (p <0.05).
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Figure 3. Photomicrographs of Fos+ cells in coronal sections taken

through the (top) ventrolateral preoptic area (VLPO), (middle)

paraventricular thalamic nucleus (PVT), and (bottom) centromedial

thalamic nucleus (CMT) of rats. Fos+ cell number increased in the

PVT and CMT at night, but increased in the VLPO during the light

phase. ZT= zeitgeber time.
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different); Figure 3 illustrates the difference found in the middle

PVT. The pattern of Fos expression in the PVT was the opposite as

the VLPO; as shown in Table 1, a significant negative correlation was

found between the number of Fos+ cells in the VLPO and the PVT

(r=-0.527, p<0.01). This statistically significant (p<0.05) negative

correlation with Fos expression in the VLPO held for all regions of the

PVT.

Fos expression in the rat CMT also showed a rhythm over the

L:D cycle similar to that of the PVT (Figure 2; p<0.0001). The CMT

contained more Fos+ cells in the animals taken at ZT l and ZT 17

than in the animals taken at ZTS and ZT 12.5; ZT 1 and ZT 17 were

also significantly different from each other in Fos+ cell number

(p<0.05). Shown in Table 1, there was a significant negative

correlation between Fos+ cell number in the VLPO and the CMT in

rats (r=-0.401), and a significant positive correlation between the

number of Fos+ cells in the CMT and PVT (r=0.894).

No significant rhythms were found in either one of the TMN

subdivisions (VTM and DTM; Figure 2). However, Fos+ cell numbers

in the TMN showed significant correlations with other brain areas

(see Table 1). First, the Fos+ cell numbers in the TMN subdivisions

were highly correlated with each other (r: 0.749, p<0.0001). Further,

there was a significant negative correlation between the VLPO and
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Table 1

Correlations between Fos+ cell number

in brain regions in rats

 

VLPO PVT CMT VTM DTM

VLPO -0.527** -0.401* -O.363* -0.272

PVT O.894*** 0.441* 0.537**

CMT 0.44 3* 0.503**

VTM o.749***

DTM --- --- --- --- _-_

VLPO, ventrolateral preoptic area; PVT, paraventricular thalamic

nucleus; CMT, centromedial thalamic nucleus; VTM, ventral

tuberomammillary nucleus; DTM, dorsal tuberomammillary nucleus.

*p<0.05, **p<0.01, ***p<0.0001
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VTM (r=-0.363, p<0.05), and significant positive correlations between

both the VTM and DTM and both the CMT and PVT (p<0.05).

Discussion:

This study demonstrated that the VLPO shows a rhythm of Fos

expression over the light-dark cycle. More Fos+ cells were found in

the VLPO in the middle and just at the end of the light period, when

rats are (or recently have been) inactive and frequently show sleep

(Brown and Nunez, 1989b; Stephan and Nunez, 1977). Fos expression

remained high into the beginning of the dark phase; this residual Fos

expression in the VLPO at the beginning of the dark phase (ZT 12.5)

reflects the production of Fos protein an hour earlier, during the light

phase of the cycle. These data imply that Fos expression in the VLPO

continues throughout the sleep (light) phase of the cycle and

decreases during the active phase of the cycle. It has been shown

previously that the VLPO becomes active during sleep, regardless of

the time of day (Sherin et al., 1996). These data showing that the

VLPO is important in the homeostatic regulation of sleep, taken

together with the present data indicating that the VLPO shows a

daily rhythm in Fos expression, suggest that the VLPO may integrate

circadian and homeostatic influences on sleep onset and

maintenance.
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The integration of circadian and homeostatic sleep demands by

the VLPO necessitates neural input to the VLPO from brain areas

important in regulating both sleep homeostasis and circadian

rhythmicity. Studies have already demonstrated that the VLPO has

reciprocal connections with brain regions important in wakefulness

and arousal, such as the TMN, LC, raphe nuclei, and ventral tegmental

area (VTA) (Chou et al., 1998; Sherin et al., 1998). The daily rhythm

in the VLPO Fos expression may be due to afferent input from the

SCN, which may serve to modulate VLPO neuronal activity. Efferent

projections from the SCN have been traced to the POA as a whole

(Watts et al., 1987). If some of these fibers terminate specifically in

the VLPO, they could provide direct circadian information to the

sleep-active cells of the VLPO.

The rhythm of Fos expression in the VLPO may also be

influenced by retinal inputs to that area (Lu et al., 1997).

Experiments with animals kept in constant darkness are needed to

differentiate between true circadian modulation of the VLPO from

effects due to direct retinal inputs. Therefore, the conclusion that the

24-hour pattern of Fos expression seen in the VLPO is due to SCN

input has to remain tentative at this time. The same qualification

applies to the rhythm seen in the PVT, since retinal projections also

reach this structure in the rat (Speh and Moore, 1992).
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In contrast to the pattern seen in the VLPO, the two thalamic

nuclei investigated here showed enhanced Fos expression during and

immediately following the active period. Cellular Fos activation in

the PVT and CMT showed a remarkably strong positive correlation

and a pattern that was 180° out of phase with the VLPO rhythm.

Previous work indicates that both thalamic regions become active

during situations incompatible with the onset and maintenance of

sleep. For example, neuronal activity in the PVT is associated with

consummatory behaviors (Robinson and Mishkin, 1968) and

increased dopamine utilization in the nucleus accumbens (NAC)

(Jones et al., 1989), which is associated with reward attainment

(Pennartz et al., 1994). Activity in the intralaminar nuclei increases

during wakefulness, enhanced vigilance (Allingham et al., 1998;

Glenn and Steriade, 1982; Steriade et al., 1982a), and, in humans,

during tasks that require attention (Kinomura et al., 1996). In

addition, enhanced activity in both the PVT and CMT is associated

with stress (Chastrette et al., 1991; Cullinan et al., 1995; Senba et al.,

1993). Since increased arousal and wakefulness in general are

associated with stimuli that increase activity in these thalamic nuclei

(e.g., intralaminar thalamic neural activity increases during cortical

desynchronization), stress alone cannot account for the patterns of

Fos expression seen in the CMT and PVT. The rhythms in Fos

31



expression described here for the PVT and CMT are consistent with

previous reports showing that Fos expression in the PVT decreases

after sleep, and that neural activity in the intralaminar nuclei

increase during wakefulness (Glenn and Steriade, 1982; Peng et al.,

1995). Therefore, the circadian system may modulate motivation,

attention, and vigilance by acting on these thalamic areas. Although

the circadian influence on the PVT can easily be attributed to direct

projections from the SCN, the possible neural circuit responsible for

rhythms in the CMT is not as evident, given that the SCN efferent

fibers seen in the CMT do not appear to terminate there (Watts et al.,

1987). One possibility is that the CMT neurons may respond to a

diffusable factor, first identified in fetal SCN neural transplants, that

exerts a rhythmic influence on behavior after SCN lesions (Lehman et

al., 1995; LeSauter et al., 1996; LeSauter and Silver, 1994; Silver et

al., 1996). Alternatively, the SCN may project to POA hypnogenic

areas (Watts et al., 1987), which in turn inhibit MRF neurons that.

send excitatory input to the intralaminar nuclei (Bremer, 1975;

Lineberry and Seigel, 1971; Szymusiak and McGinty, 1989). For

example, a study using transynaptic tract tracers has demonstrated

that the pontine reticular formation receives indirect input from the

SCN (Mintz et al., 1998). In this way, the SCN could indirectly affect

activity in the intralaminar nuclei, as well as the display of sleep.
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Although a trend was evident, no significant rhythm of Fos

expression was found in the rat TMN. Because of the well known

importance of the histamine-containing cells of the TMN and

histamine in arousal and wakefulness (Itowi et al., 1991; Kalivas,

1982; Kiyono et al., 1985; Lin et al., 1996; Lin et al., 1994; Monti,

1993; Monti et al., 1988; Monti et al., 1994; Monti et al., 1996), and

the presence of SCN projections to the posterior hypothalamus (Morin

et al., 1994; Watts et al., 1987), the lack of a salient rhythm of Fos in

these cells was surprising. If this lack of a rhythm in Fos reflects on

the overall neuronal activity of the TMN, then it follows that

neuronal activity in the TMN is not tonically higher in the dark phase

(when rats are awake and active). This does not preclude the idea

that momentary changes in TMN neuronal activity are critical for

transitory changes in arousal. For example, the TMN may be

important in transitions from a less aroused to a more aroused state

at any time of day, as opposed to setting the gain on wakefulness in

general, as is true for the midbrain reticular formation and

intralaminar thalamus, for example. In this case, the neuronal

activity of the TMN would be predicted more by transitory

alterations in the animal’s activity than by general activity levels

over the light:dark cycle. This proposition is supported by data

demonstrating that, in cats, neuronal discharge rates of cells in the
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posterior lateral hypothalamus peaked during phasic, exploratory

movements, as well as during phasic events during REM sleep.

Further, discharge rates in these cells were similar during quiet

wakefulness and slow-wave sleep; tonic EEG activation did not

predict neuronal activity in the posterior lateral hypothalamus

(Szymusiak et al., 1989).

Previous studies have been somewhat inconsistent with respect

to the pattern of histamine concentration or release within the brain.

Some studies find that histamine content or release in the blood or

brain regions (striatum, hypothalamus) peaks at the beginning of or

during the dark (active) phase of the cycle in rats (Friedman and

Walker, 1968; Friedman and Walker, 1969; Mochizuki et al., 1992;

Wada et al., 1985); histamine release in cats also increased at night

(Philippu and Prast, 1991). However, other studies have found no

rhythm in whole brain (Oishi et al., 1987) or hypothalamic

(Kobayashi and Hopin, 1974) histamine content, or have found that it

peaks during the light phase of the cycle in rats (Orr and Quay,

1975a; Orr and Quay, 1975b). Together, these data suggest that

there is no salient or consistent circadian release of histamine in rats.

In the current experiment, the lack of a salient daily rhythm in Fos

in the TMN may be due to the presence of only very few inputs to

this area from the SCN (Ericson et al., 1991a). The lack of a daily
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rhythm in TMN Fos expression is consistent with the idea that cells in

the TMN do not play an important role in tonic or rhythmic arousal.

Rather, in rats, histamaminergic cells in the posterior hypothalamus

seem to play a role in short-term, phasic aspects of arousal,

wakefulness, and REM sleep.

The possibility remains that not all of the Fos+ cells in the TMN

regions counted in this study were histaminergic. For example, a

rhythm of Fos in histaminergic cells may have been masked by

nonrhythmic activity of nearby, nonhistaminergic cells. In order to

answer this question, TMN cells expressing Fos would need to be

double-labeled for histamine or a colocalized enzyme (Ericson et al.,

1987; Sherin et al., 1998).

The coordination of the daily sleep-wake cycle requires the

integration of homeostatic and circadian inputs. The VLPO shows a

daily rhythm in neural activity, but also increases activity during

sleep regardless of the time of day (Sherin et al., 1996). Therefore,

the VLPO is likely to receive both circadian and homeostatic

information, and this area may serve to coordinate the activity of

brain circuits important in sleep regulation. It has been

demonstrated that the VLPO is reciprocally connected to brain

regions critical for arousal (TMN, raphe nuclei, locus coeruleus, and

the VTA) (Sherin et al., 1998). However, the presence of a significant
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input from the circadian clock, the SCN, has yet to be demonstrated.

The next study therefore examines the afferent connections of the

VLPO in rats, with specific interest on the SCN projections to the

VLPO.
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EXPERIMENT 2: Projections from the Suprachiasmatic Nucleus to the

Sleep—Active Ventrolateral Preoptic Area in the Rat

Experiment 1 established that brain regions important for the

control of the sleep-wake cycle show daily rhythms of Fos expression

in rats. This indicates that these brain regions (VLPO, PVT, and CMT)

are influenced by the circadian pacemaker, which suggests that they

receive axonal or humoral inputs from the SCN. Although the SCN

sends projections to the lateral preoptic area in general (Watts et al.,

1987), the extent of projections from the SCN to the VLPO sleep-

active cell group have yet to be positively documented. Further, two

sets of unpublished data from a single laboratory have reported

disparate results on this question: one reported that a substantial

number of vasopressinergic SCN cells project to the VLPO in rats

(Gaus and Saper, 1998), while the other reported very few SCN

projections to the VLPO, which receives more projections from areas

surrounding the SCN (Chou et al., 1998).

The aim of this study was to describe the afferent projections

to the VLPO in rats using cholera toxin (B subunit, CTB; see Appendix)

as a retrograde tracer. Specifically, the presence of SCN projections

to the VLPO was examined in order to determine the potential for a

37



direct circadian input to the VLPO in rats, as well as to explain

contradicting results from previous reports. The aim of this study

was to test the claim that the VLPO receives direct axonal input from

the circadian clock of the SCN.

Method:

Animals: Fifty-four adult male Sprague-Dawley rats (250-

350g) were used in the following studies. Animals were initially

housed in groups of 2 or 3 on a 12:12 light:dark cycle, with lights on

at ZT 0, as described in Experiment 1.

C113 injections: Each animal was subjected to a unilateral

microinjection of the retrograde tract tracer CTB into the VLPO.

Animals were first weighed and injected with the anesthetic

Nembutal (pentobarbital sodium, Abbott Laboratories; 40 mg/kg i.p.),

and the top of the head was shaved. The rat was then placed in the

stereotaxic apparatus (Stoelting) with the incisor bar at —3.3. The

following coordinates were used for the VLPO, with respect to

bregma: anterior-posterior (AP) =-0.4-0.0 (most accurate injections

at -0.2-0.0), medial-lateral (ML) i1.0, dorsal ventral (DV) —7.5 from

dura mater. A small hole was drilled in the skull using a dental drill

(Dremel). Then, using a 500 nl Hamilon syringe, 10 n] of CTB (List
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Biological Laboratories) was injected into the VLPO over 5 min., and

the needle was left in the brain for 15 min following injection in

order to reduce leakage from the site of the injection. After the

injection, the syringe was slowly removed from the brain, gelfoam

(Upjohn) was used to seal the hole in the skull, and the wound was

closed using autoclips (Clay Adams). Each animal was then

individually housed and returned to the animal room after recovery.

All injections were done during the light phase of the cycle.

WTwo days after CTB injection,

animals were perfused. Each animal received an injection of

Nembutal (1 ml) in the animal room at either ZT 5 or ZT 17 (at which

time, light-tight hoods were placed over the heads of the rats).

Animals were transported to another room and transcardially

perfused with 0.1 M PBS (300 ml) followed by 4% paraformaldehyde

in 0.1 M PBS (300 ml). The brains were then removed and placed

into 4% paraformaldehyde for 12 hours, followed by saturation in

20% sucrose solution in 0.1 M PBS. Brains were sectioned at 30 um

using a freezing sliding microtome, and sections were stored in

cryoprotectant for later use. Because the brain region of interest was

the SCN, brain sections were taken only through the preoptic area
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and hypothalamus, including the posterior hypothalamus and the

most rostral end of the midbrain.

Every fourth section was processed using ICC for CTB. First,

sections were rinsed for 1 hr in 0.1 M PBS. Tissue was then

incubated in normal horse serum (NHS; 5%) for 1-2 hr. After a brief

rinse, tissue sections were incubated in the primary antiserum

(1:10,000 goat anti CTB, List Biological Laboratories) with 3% NHS in

PBS-tx overnight (about 15 hours) at 4°C. Brain sections were then

rinsed (3 times, 10 min each in PBS) and incubated in the secondary

antibody (1:200 horse anti-goat; Vector Laboratories) with 3% NHS in

PBS-tx for 1-2 hr. After rinsing, tissue was placed in the ABC

solution (Vector ABC elite kit) for about 2 hr. The sections were

rinsed and placed in the chromagen, DAB (Vector DAB kit) with

nickel intensification for 90 sec.; this short incubation time decreased

the background staining significantly. Sections were then rinsed and

mounted onto gelatin-coated slides, dehydrated and delipidated,

stained with pyronin Y, and affixed with a cover slip using DPX

mounting medium.

Microscopy: The placement of the injection was determined in

each brain at low magnification (40X to 100X). The SCN of each

animal was examined for cells containing immunostaining for CTB
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(CTB+) at a high magnification (400X); the TMN of each brain was also

analyzed because the TMN is known to have reciprocal connections

with the VLPO (Chou et al., 1998). For the brain with the best VLPO

injection placement (case #269), every section processed (i.e., every

fourth section) was examined for CTB+ cells in brain areas other than

the SCN and TMN.

REBELS;

Very few SCN cells contained CTB immunostaining in cases in

which the injection was restricted to the VLPO (n=2; 4 labeled cells

found in SCN in #269), or included at least a portion of the VLPO but

not the SON (n=16 total). However, cells surrounding the SCN on all

sides were found to be CTB+ after a successful injection of the VLPO.

In contrast, many CTB+ cells were found in the SCN in animals in

which the supraoptic nucleus (SON; n=2) was included in the injection

site (see Figures 4-7). More specifically, when the tracer was

injected into the SON, cells located in the dorsomedial portion of the

SCN contained CTB (see Figure 7). No such bias in the location of CTB+

cells in the SCN was seen after a successful injection restricted to the

VLPO. Further, numerous CTB-t- neurons were found in the median

preoptic nucleus (MnPO) of animals after injections that included
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Figure 4. Injection site of cholera toxin-B (CTB) into the

ventrolateral preoptic area (VLPO) of rat #269 is marked in black.

The sections are ordered from rostral (upper left) to caudal (lower

right). mPON = medial preoptic nucleus, 3v = third ventricle, oc =

optic chiasm, ac = anterior commissure. Compare to Figure 3, top.

*injection path.
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Figure 5. Retrogradely-labeled CTB-immunoreactive cells in and

around the suprachiasmatic nucleus (SCN) after a successful

injection of the tracer into the right ventrolateral preoptic area

(VLPO; rat #269). The sections are ordered from rostral (upper left)

to caudal (lower right). 3V 2 third ventricle, OC 2 optic chiasm, AHA

= anterior hypothalamic area.
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Figure 6. Injection site of CTB into the ventrolateral preoptic area

(VLPO) and the supraoptic nucleus (SON) of rat #159 is marked in

black. The sections are ordered from rostral (upper left) to caudal

(lower right). mPON = medial preoptic nucleus, 3v = third ventricle,

oc = optic chiasm. *injection path.
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Figure 7. Many retrogradely-labeled CTB-immunoreactive cells were

found in and around the suprachiasmatic nucleus (SCN) after a

injection of the tracer into the ventrolateral preoptic area (VLPO)

that included a portion of the supraoptic nucleus (SON). The

sections are ordered from rostral (upper left) to caudal (lower

right). 3V = third ventricle, 00 = optic chiasm, AHA = anterior

hypothalamic area.
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portions of the SON, but few labeled cells were found in the MnPO if

the injection included the VLPO but not the SON (see Chou et al.,

1998; Armstrong, 1995).

Brains in which microinjections included the VLPO contained

CTB-t- cells in the dorsal and ventral TMN, as well as CTB+ cells in

other nuclei in the posterior hypothalamus, including the

premammillary nuclei, supramammillary nuclei (SUM), and

infundibular nucleus (see Figure 8). When the injection included but

was not restricted to the VLPO, CTB+ cells were also found in these

posterior hypothalamic nuclei. In the case shown in Figures 6 and 7,

the injection site contained both the VLPO and the SON, and many

CTB+ cells were found in the TMN and surrounding hypothalamic

nuclei. However, when the VLPO was missed, CTB+ cells within the

boundaries of the TMN were less numerous than when the injection

included the VLPO.

In the brain containing the best VLPO injection (Case #269),

few CTB+ cells were found in the SCN, with more labeled cells found

outside the SCN (Figure 5, Table 2). Additionally, neurons containing

CTB were found in the PVT as well as many hypothalamic sites,

including the anterior hypothalamic area (AHA), lateral

hypothalamus (LH), ventromedial nucleus (VMH), dorsomedial
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Figure 8. Retrogradely labeled CTB+ cells were found in the

tuberomammillary nuclei (TMN), as well as other areas in the

posterior hypothalamus, after a successful injection of the tracer

into the ventrolateral preoptic area (VLPO). The sections are

ordered from rostral (upper left) to caudal (lower right). Shading

on the right side of each section indicates regions where

histaminergic neurons are concentrated (Ericson, et al., 1987). 3V:

third ventricle, mt = mammillothalamic tract, f = fornix, DTM =

dorsal tuberomammillary nucleus, PMN = premammillary nucleus.
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nucleus (DMN), periventricular nucleus (PeV), perifornical nucleus

(PeF) as well as near the fornix throughout the extent of the

hypothalamus, and in the tuber cinerum (TC) and arcuate nucleus.

Cells labeled with CTB were also found throughout the amygdala,

including the basomedial, anterior cortical, and intercallated nucleus,

but the medial nucleus of the amygdala (meA) was the most densely

labeled nucleus in this structure. Labeled cells were also found in

the lateral septum (LS), bed nucleus of the stria terminalis (BST), and

medial and lateral preoptic areas (MPA and LPO); a few labeled

neurons were found in the piriform cortex, nucleus of the horizontal

limb of the diagonal band (HDB), the median preoptic nucleus

(MnPO), and paraventricular hypothalamic nucleus (PVN). Labeled

neurons Were seen in the posterior hypothalamus as well (Table 2).

In the most caudal sections taken, labeled neurons were found in the

periaqueductal gray (PAG).

Discussion:

The data from this study indicate that very few SCN cells

project to the VLPO in rats. However, the SCN may send circadian

information to the VLPO indirectly through relay neurons. After

injections restricted to the VLPO, CTB+ cells were seen in the sub-
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paraventricular region (sPVHz) which receives heavy SCN input

(Morin et al., 1994; Watts et al., 1987). Therefore, neurons in the SCN

may send circadian information to the sPVHz, which then send

projections to the VLPO, imposing a circadian rhythmicity to VLPO

neurons. Since the PVT projects to the VLPO (Sherin et al., 1998,

present data), and receives SCN input, this thalamic nucleus may also

function as a relay of circadian signals to the sleep-active cells.

However, the lack of substantial direct SCN projections to the VLPO

may also reflect the importance of a diffusible signal from the SCN

(Silver et al., 1996) in the control of the VLPO by the circadian

pacemaker.

These data help to account for conflicting reports of the

presence of abundant SCN projections to the VLPO (Chou et al., 1998;

Gaus and Saper, 1998). In animals with injections of the VLPO which

also encompassed the SON, numerous CTB+ neurons were found in the

SCN. When only coronal sections through the VLPO (anterior to the

rostral edge of the SON) were examined for spread of the tracer,

these injection sites resembled the successful VLPO injections in

which the tracer did not invade the SON (see Figures 4-7). However,

examination of the sections posterior to the VLPO made it easy to

differentiate between successful containment of the tracer in the
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VLPO and Cases in which the tracer invaded the SON. This implies

that the AVP+ SCN neurons previously reported to project to the

VLPO are likely to terminate in the SON. The SCN sends projections

to the SON (Cui et al., 1997; Stephan et a1, 1981), and the peptide

content of these projections can be investigated by microinjecting a

retrograde tracer in the SON only and comparing the pattern of

labeled cells in the SCN with the VLPO+SON injections. Further, the

AVP+ fibers identified in the VLPO (Gaus and Saper, 1998) could

actually be dendrites of SON neurons rather than axons emanating

from the SCN. If indeed the VLPO does not receive abundant AVP+

projections from the SCN, then this argues that AVP is not the

neurotransmitter responsible for communicating circadian

information to the VLPO, and therefore imposing a circadian pattern

on sleep. This conclusion is strengthened by evidence showing that

AVP is not needed for the sleep-wake cycle to show circadian

rhythmicity (Brown and Nunez, 1989a).

In general, the findings in this experiment agree with previous

data on the projections patterns to the VLPO in rats (Chou et al.,

1998). Monoaminergic cell groups such as the TMN, raphe nuclei,

and ventral tegmental area were found to project to the VLPO. In

the neural model proposed in Sherin, et al. (1996; 1998;Chou et al.,

1998), these brain regions have mutual inhibitory connections with
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the VLPO and the VLPO coordinates the sleep/wake cycle by

inhibiting all of these brain regions concurrently.
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EXPERIMENT 3: Observations of the Sleep/Wake Cycle in the Nile

Grass Rat (Arvicanthis Niloticus)

The hypothesis behind the experiments presented in this

dissertation work seeks to explain species differences in the

sleep/wake cycle by demonstrating differences in the daily patterns

of activity in brain regions important in sleep and arousal. Before

any species comparison can be made involving the brain regions

investigated in rats (VLPO, PVT, CMT, and TMN), these areas must be

identified in the Arvicanthis niloticus. The VLPO is a newly

described region in the rat (Sherin et al., 1996) and therefore has not

been identified in many species. Further, in order to identify the

sleep-active VLPO in A. niloticus, the animals must be taken while

they are asleep. Accordingly, the following experiments document

the daily pattern of behavioral indices of sleep in Nile grass rats,

then proceed to use these data to identify the pattern of Fos

expression in the VLPO of grass rats.

The circadian sleep-wake cycle of the nocturnal rat has been

well documented (for example, see Trachsel et al., 1986). This rich

set of behavioral data facilitates the investigation of brain areas that

control sleep and wakefulness in laboratory rats. Contrary to this,

the features of the sleep/wake cycle of the Nile grass rat are not
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known. Although rhythms in temperature, activity, and mating

indicate that this species is diurnal (Katona and Smale, 1997;

McElhinny et al., 1997) and therefore likely to sleep at night, the

sleep patterns of A. niloticus have not been established. Because

these animals are likely to resist traditional methods for measuring

sleep (i.e., using chronic electrophsyiological recording approaches),

behavioral correlates of sleep were monitored around the clock for 2

days to document the daily display of these behavioral correlates of

sleep in these rodents.

Met—110$:

Animals: Four adult female A. niloticus were used (see Figure

1). All of the grass rats used in this and subsequent studies were

born in the lab and descended from the original group of animals

captured in Kenya in 1993 (Katona and Smale, 1997). Animals were

fed and watered ad libitum. The animals were housed in a 12:12

light:dark cycle with a dim red light (< 5 lux) that was kept on at all

times.

Behavioral correlates of sleep across the 12:12 light dark cycle.

Four animals were individually placed in a 30.5 cm deep 25.5x51 cm

glass terrarium with 5 Kimwipes (Kimberly-Clark) for bedding and

allowed to acclimate for at least 4 days. Each animal was videotaped
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for 24-25 hours. Within 16 days, each animal was videotaped a

second time under the same conditions, except that a small piece (13

cm long, 5 cm diameter) of PVC tubing was placed in the terrarium.

For the videotaping, a Panasonic camera (WV-BP310), with a 6mm

Panasonic TV lens (WV-LA6BZ), was attached to a Sony time lapse

videotape recorder (VCR; SVT-5000). A Sony black and white

monitor (SSM 121) served to center and focus the. camera, and 3M

T120 and Quantegy T180 professional videotapes were used.

The videotapes were evaluated using an RCA XL 100 XS Stereo

commercial skip television and a Panasonic PV-7400 VCR plus. The

first 20-40 min of the videotaped data were not analyzed to allow

for acclimation. Each hour was divided into 12 5—min bins, and the

vigilance state of the animal was determined for each bin over each

24-hour period. The animals were considered awake if they were

locomoting, eating, drinking, grooming, or if their eyes were open and

they were scanning the environment. The animals were considered

asleep if they were sedentary, with eyes closed, or laying on their

sides. For each 5-min. bin, the sleep or wake state of each animal

was recorded. The number of 5-min bins containing sleep without

wakefulness was totaled for each hour, as well as for the light period

(ZT 0-12) and the dark period (ZT 12-24) for each animal for each

day of videotaping. Student's paired t-tests (2-tailed, dependent
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samples) were used to compare the amount of sleep (sleep-only and

wake-only bins) shown during the day and compared to the night.

The number of bins containing sleep and wake were compared

between the 2 days of videotaping to determine if animals slept

more on one of the test days compared to the other.

Rem:

A.niloticus displayed sleep bouts throughout the 24-hour light-

dark cycle; however, sleep was concentrated in the dark phase of the

cycle. The number of 5-min bins containing sleep without

wakefulness did not differ significantly between the two days of

videotaping for both the light and the dark period (p>0.40 for both

comparisons). Therefore, the data were averaged across the two

days for each animal.

There were significantly more sleep-only bins in the night

(meaniSEM = 47.75i2.93) than the day (meaniSEM = 9.00i1.50;

t(1,3)=-16.369, p<0.0005, 2-tailed). Figure 9 (top) shows the average

distribution of sleep-only bins over the 12:12 light-dark cycle. The

number of sleep-only bins peaked at ZT 19-21; by ZT 23, few bins

contained only sleep. Wakefulness, however, shows a bimodal

pattern (Figure 9, bottom), with the number of wake-only bins high

at the transitions between light at dark. Further, the number of
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Figure 9. The number of 5-min bins that contained behavioral

indices of sleep without wakefulness (A; sleep-only bins), or bins

containing wake without any indications of sleep (B; wake-only bins)

throughout the 12:12 light:dark cycle in Arvicanthis niloticus. The

number of bins are listed on the vertical axis, and zeitgeber times

(ZT; hours after lights-on) are listed on the horizontal axis. The

light-dark bar illustrates that lights came on at ZT 0 and were

turned off at ZT 12. The number of sleep-only bins peaked in the

hour starting at ZT 19, and behavioral indices of sleep decreased

prior to lights-on. The number of wake-only bins had a bimodal

distribution, with peaks at lights-on and lights-off.
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wake-only bins was significantly greater in the day (ZT 0-12) than at

night (ZT 12-24; 91,3): 10.534, p<0.01, 2-tailed).

Discussion:

The results clearly show that behavioral correlates of sleep in

Arvicanthis are more frequent in the dark phase of the illumination

cycle, as demonstrated by the increased number of 5-min bins

devoid of wakefulness at night in this species (see Figure 9A). These

data, taken together with other studies (Blanchong and Smale, in

press; Katona and Smale, 1997; McElhinny et al., 1997), strongly

support the claim that A. niloticus is a diurnal species.

Other aspects of the Arvicanthis sleep pattern are also notable.

First, the behavioral indices of sleep peaked during the hour

beginning at ZT 19 (7 hours after lights-off), in the middle of the

dark phase. Therefore, brain areas where activity is important for

sleep are predicted to be active at this time. Second, although sleep

was concentrated in the dark phase, sleep bouts occurred throughout

the light-dark cycle. This unconsolidated aspect of grass rats’ sleep

pattern resembles sleep in other rodents, including rats, which also

show numerous sleep bouts throughout their cycle (Trachsel et al.,

1986). This fragmented sleep pattern differs from the consolidated

sleep pattern seen in primates such as squirrel monkeys (Edgar et al.,
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1993) as well as humans (Dijk and Czeisler, 1995). This difference in

the length of sleep bouts between rodents and primates (i.e. minutes

vs. hours) suggests species differences in brain mechanisms

responsible for the circadian rhythm of sleep, regardless of whether

the animals are nocturnal or diurnal. In diurnal species with highly

consolidated sleep patterns (i.e. primates), the circadian signal

inducing wakefulness during the day, or the response to the

circadian signal, needs to be stronger or more sustained throughout

the day compared to a diurnal rodent, such as A. niloticus, that has a

fragmented sleep/wake pattern. This may explain why SCN lesions

change the total amount of sleep in primates (Edgar et al., 1993) but

not rodents (Mistlberger et al., 1983).

Third, in addition to differences in the light:dark distribution of

sleep, rats and Arvicanthis differ in the display of sleep and

wakefulness at light-dark transitions (dawn and dusk). In grass rats,

sleep decreases in anticipation of lights-on, and wakefulness peaks at

dawn and dusk (Figure 9B). In nocturnal rats, however, very little

activity is seen in anticipation of transitions to lights-on or lights-off

(Trachsel et al., 1986). These data, together with other observations

(Katona and Smale, 1997; McElhinny et al., 1997), serve to document

the crepuscular tendencies of Arvicanthis which are absent in rats

(Trachsel et al., 1986). Further, this activity pattern must be
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considered when predictions are made regarding when brain regions

important in sleep will be most active in A. niloticus. Lastly, this

salient crepuscular component of the Arvicanthis activity cycle in the

laboratory (Katona and Smale, 1997) is not present in animals

trapped in the field, where most animals are trapped outside the

burrow in the middle of the day (Blanchong and Smale, in press).

However, grass rats may be active in the burrow system at dawn and

dusk, in which case the activity pattern seen in the laboratory would

reflect activity of Arvicanthis in their natural habitat both above

ground (diurnal pattern of trapping) and underground (possible

crepuscular pattern).

In the future, with the development of new technology,

valuable data would be attained by investigating the EEG patterns of

this diurnal species, Arvicanthis niloticus. Smaller monitoring

devices that do not disturb these animals’ activity patterns may

accurately measure the sleep-wake cycle in Arvicanthis. However,

for the current purposes, the assessment of the behavioral indices of

sleep was sufficient to demonstrate the sleep patterns in this species.

The following experiments can therefore correlate activity in brain

areas important in sleep and wakefulness with the pattern of sleep

in A. niloticus. Before this can be done, however, the VLPO must be

identified in Arvicanthis. The next study describes the sleep-active
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VLPO in Nile grass rats making use of ICC for GAL and histological

techniques in addition to quantification of Fos expression at different

ZTs.

67



EXPERIMENT 4: Identification and Characterization of the

Ventrolateral Preoptic Area in the Nile Grass Rat

The previous study demonstrated that behavioral correlates of

sleep in A. niloticus are preferentially displayed at night, while

wakefulness dominates the daytime and the transitions of the

light:dark cycle. This pattern differs considerably from that of

laboratory rats. Very little is known about the neural mechanisms

responsible for these species differences in the distribution of sleep

and wakefulness throughout the day. In diurnal and nocturnal

species, brain areas related to sleep onset and maintenance should

exhibit different patterns of neural activity over the light-dark cycle.

One region believed to be important in the regulation of sleep in rats

is the VLPO (Lu et al., 1998; Sherin et al., 1998; Sherin et al., 1996).

Fos expression in neurons within the VLPO of rats is elevated

following a sleep episode (Sherin et al., 1996) as well as during the

rest phase of the cycle (Experiment 1). Neurons of the VLPO have

been shown to contain GABA as well as the neuropeptide GAL

(Sherin et al., 1998), which is thought to inhibit the firing of

histaminergic neurons in the tuberomammillary nuclei (TMN) in the

posterior hypothalamus (Schonrock et al., 1991). Direct retinal
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projections reach the VLPO of the rat and may mediate some effects

of light on the quality and distribution of sleep (Lu et al., 1997).

In contrast to the rat, nothing is known about the functional

anatomy of the VLPO in diurnal mammals. Consequently, the goals

of the studies described below were to identify the sleep-active cells

of the VLPO in the diurnal A. niloticus, to determine if these cells

contain GAL, and to examine the sleep-active area for retinal

projections. Additionally, the number of Fos+ cells in the CMT and

PVT was assessed in order to correlate Fos expression in these areas

with the VLPO.

MAS;

The A. niloticus used in the following studies were individualy

housed as described in Experiment 3; standard housing conditions

did not include terrariums used for videotaping.

Giemsa stain. Five female A. niloticus were injected with 1 ml

Nembutal and perfused transcardially with 125 ml 0.01 M phosphate

buffered saline (PBS), followed by 125 ml PLP. Brains were

postfixed in PLP for 2 hours then saturated in 20% sucrose (in 0.1 M

PBS) overnight. The next day, four brains were sectioned into 3 sets

of 30pm frozen sections; one brain was sectioned at 40pm, and

every section was used. Sections were stored in cryoprotectant for
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later use, or in PBS for use the same day. Tissue was mounted onto

gelatin coated slides, dehydrated, and stained with giemsa stain

(lmg/ml, Sigma; (Iniguez et al., 1985; Sherin et al., 1998)) in

potassium dihydrogen sulfate (11.5 mg/ml) at 60°C for 10 min,

followed by an aqueous rinse, dehydration, Hemo-De (Fisher), and

coverslipping with DPX (Fluka). Using the microscope, the ventral

and lateral preoptic area were examined.

Galanin immunostaining. Two female A. niloticus injected with

Nembutal (9 m1/kg i.p., pentobarbital sodium, Abbott Laboratories)

and placed in the stereotaxic device and a local anaesthetic was given

under the skin on the skull (0.01 ml 2% Lidocaine, 1:1 with saline,

Elkins-Sinn, Inc.). Colchicine (Sul volume, 0.0025 mg; Sigma) was

injected bilaterally into the lateral ventricles to block axonal

transport in order to facilitate the detection of the peptide in cell

bodies. The following coordinates were used: AP +1.0 from bregma,

ML _+2.3, DV —4.3 from skull, with the bite bar set at —5.0. Colchicine

was injected over 5 min using a 10 ul Hamilton syringe; the syringe

was removed 5 min after completion of the injection. Each animal

was then removed from the stereotaxic apparatus and the wound

was closed using autoclips. The animal was given 1 ml saline, 0.3 ml

(0.03 mg/ml) Buprenex (10% in saline; Bergen Brunswic), the head

was treated with Novalsan antiseptic ointment (Fort Dodge
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Laboratories, Inc.), and the cage was placed on a heating pad until

the animal began moving.

Twenty-four hours after surgery, animals were perfused. Each

animal was injected with 0.5 ml Nembutal and perfused

transcardially with 125 ml 0.01 M PBS followed by 125 ml PLP.

Brains were removed, postfixed for 4 hours, allowed to saturate in a

20% sucrose solution (in 0.1 M PBS), and sectioned into 3 sets of

30pm frozen sections that were stored in cryoprotectant for later

use.

One set of sections (every third section) was processed using

ICC for GAL. Sections were rinsed for an hour in 0.01 M PBS before

incubation in the primary antiserum, rabbit anti GAL (Cambridge) at

a 1210,000 dilution in 5% normal goat serum (NGS) and 3% Triton X-

100 (tx) for 18 h at 4°C. Sections were then rinsed (3 times, 10 min

each) and incubated in the secondary antiserum (biotinylated goat

anti-rabbit, 1:200; Vector Laboratories) in PBS-tx for 1 h. After

rinsing, tissue was placed in the avidin-biotin complex (ABC; Vector

Laboratories) for 2.25h. Sections were then reacted with DAB with

0.3% hydrogen peroxide for 2 min, then rinsed, mounted onto

gelatin-coated slides, coverslipped, and observed under the

microscope. The area assessed is shown in Figure 10; a grid (190

um)2 was placed over the VLPO, and GAL+ cells within this area
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were counted on each side of the brain in four sections at 400X

magnification. The number of GAL+ cells in each VLPO (unilateral)

was averaged across sections.

Fos expression. Fourteen female A. niloticus used in this study

were individually housed as described in Experiment 3. Animals

were entrained to the 12:12 light:dark cycle for 12 days, and

perfused at ZT 20 (n=7) or ZT 23 (n=7). These times were chosen

because videotapes of similar animals (see Experiment 3)

demonstrated that this species is most likely to be sleeping at ZT 19

(Figure 2), but awake and active 1-2 hours before lights come on.

These time points also permit the sampling of Fos expression in the

VLPO over time independently of the possible acute effects of light.

At the time of perfusion, each animal was injected with 0.3 ml

Nembutal (i.p.) in the colony room. A light-tight hood was placed

over the head and the animals were transported to a different room

where they were perfused transcardially with 125 ml 0.01 M PBS,

followed by 125 ml 4% PLP. The brains were removed and postfixed

for 4 h, and then placed in 20% sucrose in 0.1 M PBS overnight.

Three sets of frozen sections (30 um) were obtained through the

preoptic/anterior hypothalamic region and stored in cryoprotectant.

The sections were then processed for Fos ICC. One set of

sections was rinsed (3 times in 0.1 M PBS), and then incubated in 5%
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NGS in 0.1 M PBS for 90 min. The tissue was then rinsed once and

incubated in the primary antiserum, rabbit anti-Fos at 122000, in

PBS-tx at 4°C for 19 h. Sections were then rinsed and incubated in

the secondary antiserum (biotinylated goat anti-rabbit) at 1:200 in

PBS-tx for 2 h. After rinsing, the tissue was incubated in the avidin-

biotin complex (ABC, Vector Laboratories) for 90 min, and then

exposed to the DAB chromagen with 0.3% hydrogen peroxide for 3

min. The sections were then rinsed, mounted onto gelatin-coated

slides, and coverslipped.

Using a grid, the number of Fos+ cells in the VLPO was counted

bilaterally in two sections at 400X from each animal by an

investigator unaware of the time at which the animals were

perfused. For each section, the middle of the grid was placed at the

lateral edge of the optic chiasm. The number of Fos+ cells per VLPO

section (bilateral) was averaged for each animal, and the data were

subjected to a Student’s t-test (two-tailed, independent samples),

with the number of Fos+ cells as the dependent variable and ZT as

the independent variable. The number of Fos+ cells in the area

directly dorsal to the VLPO was also quantified using the same grid

and served as a control area. Again, the number of Fos+ cells per

section were averaged and subjected to a Student’s t-test.
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Lastly, the number of Fos+ cells was also counted in the CMT as

well as the PVT, which was divided up into three regions (anterior,

middle, and posterior) using the landmarks described in Peng, et al.

(1995): the anterior PVT was bounded by the stria medullaris and

the third ventricle dorsally; the middle and posterior PVT were

located ventral to the habenula; the posterior PVT was also more

distinctly bilateral (two nuclei as opposed to one midline nucleus)

than the middle PVT. The CMT was identified using the Paxinos and

Watson rat brain atlas (Paxinos and Watson, 1997) and an area of

(300nm)2 was counted at 250X with the aid of an optical grid. The

number of Fos+ cells per section in the PVT and CMT were averaged

and subjected to Student’s t-tests; correlation analyses were

perfomed comparing Fos+ cell number in the VLPO with each the

PVT, middle PVT (see results), and CMT; the PVT and middle PVT

were each compared to the CMT.

Retinal afferents. To determine if retinal ganglion cells send

projections to the VLPO, two female A. niloticus were given unilateral

intraocular injections of CTB (Johnson et al., 1988b). Cholera toxin

was reconstituted and diluted (1:1) with 4% DMSO and 1.8% saline; 10

ul of the CTB solution was injected into one eye using a 10 ul

Hamilton syringe while the animal was under metofane
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(Methoxyflurane, Pitman-Moore) anesthesia. After 2 days, the

animals were perfused, as described above, at ZT 20.

The brains were cut into three sets of 30 um frozen sections.

The tissue was processed for CTB-ICC, using the protocol described

above, with the following modifications: after nonspecific binding

was blocked with 5% NHS, the tissue was incubated in the goat anti-

CTB primary antiserum at a 1210,000 dilution with PBS-tx with 3%

NHS, and incubated about 45 h; the secondary antibody used was

horse anti-goat, diluted 1:200 with 3% NHS in PBS-tx, and incubated

for about 90 min; sections were incubated in ABC for 2 h; the

chromagen used was DAB with nickel intensification, and the

incubation lasted 3 min. The VLPO area, the SON, the PVT, and the

SCN were microscopically examined (100-500X) to determine the

presence of labeled fibers.

ICC controls. For each ICC procedure, sections were processed

deleting the primary antibody to control for nonspecific staining.

Deletion of the primary antibody resulted in the absence of any

labeling of cells or fibers for CTB, Fos, or GAL; additionally,

preabsorbtion of the primary antiserum for GAL with GAL peptide

(Sigma; 50 ug GAL peptide in 500 pl PBS, with 5 ul anti-GAL

primary antibody) also resulted in tissue devoid of immunostaining.
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mus:

Giemsa stain. A small cluster of cells was found in the area of

the VLPO in tissue sections of A. niloticus. Figure 10 illustrates the

region identified as the VLPO in this species. The location of the

cluster of cells (Figure 11) is similar to that of the rat. This area is

found just dorsal to the lateral edge of the optic chiasm and medial to

the HDB, with the caudal end of the VLPO in the same section as the

rostral pole of the SCN. The cluster of cells is pyramidal in shape,

with the base near the edge of the optic chiasm and flaring out

dorsally and laterally. Also, a blood vessel near the base of the brain

often marks the lateral edge of the VLPO, depending on the angle at

which the brains are sectioned.

Galanin. As shown in Figure 11 (bottom), many GAL+ cells

were found in the area identified as the VLPO in Arvicanthis. A

mean of 34.625 (SEM=3.63) GAL+ cells per section (unilateral) was

found in the VLPO. Galanin+ cells were concentrated in a cluster in

the VLPO, with scattered GAL+ cells in the POA (see Figure 12). Cells

heavily labeled for GAL were also seen in the paraventricular

hypothalamic nucleus (PVN) and SON, regions where GAL-

immunoreactive cell bodies have previously been described

(Melander et al., 1986; Merchenthalter et al., 1993).
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Figure 10. The ventrolateral preoptic area (VLPO) in the diurnal

rodent Arvicanthis niloticus. The drawing shows the (190 1.1m)2 area

counted in Experiment 4. 3V = third ventricle, oc = optic chiasm.
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Figure 11. The top photomicrograph identifies the ventrolateral

preoptic area (VLPO) of Arvicanthis niloticus with giemsa stain.

The photomicrograph on the bottom shows the VLPO

immunostained for galanin (GAL). oc = optic chiasm, HDB = nucleus

of the horizontal limb of the diagonal band.
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Figure 12. Profiles of the ventrolateral preoptic area (VLPO) of

Arvicanthis niloticus from rostral (top) to caudal (bottom).

Drawings on the left show the pattern of Fos+ cells in the VLPO. The

region inside of the (190 um)2 box was counted in Experiments 3

and 4. The right drawings illustrate the pattern of immunostaining

for galanin (GAL) in the VLPO. 3V = third ventricle, oc = optic

chiasm.
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WThe Fos+ cells in the VLPO were

seen in locations similar to those reported for the rat (Sherin et al.,

1996), in the same area shown to contain GAL+ cells (see Figure 12);

Fos+ VLPO cells began dorsal and rostral to the SCN and extended

caudally to the level of the rostral SCN (see Figure 12). As shown in

Figure 13, more Fos+ cells were found in the VLPO of animals

perfused at ZT 20 than ZT 23 (1(1,12)=2.337, p=0.038). Figure 14

shows photomicrographs of the VLPO from animals at each ZT. No

difference in Fos+ cell number was found in the control area directly

dorsal to the VLPO (t(1,12)=0.182, p=0.859).

Fos expression in the thalamus. In the thalamus, a significant

effect of time of perfusion on Fos expression was found only in the

middle region of the PVT (Fm, 12,=8.620, p=0.013), where there were

more Fos+ cells at ZT 23 than at ZT 20. No differences were found in

the anterior PVT (Fm, 12)=4.122, p=0.065), posterior PVT (Fm,

12,=0.367, p=0.556), the PVT as a whole (FU, 12)=2.333, p=0.153), or in

the CMT(F(1, 12): 1.187, p: 0.294). No correlations were significant (at

p<0.05); however, trends were observed between Fos+ cell numbers

in the PVT and VLPO (r=-0.460, p=0.0992), as well as between the

middle PVT and CMT (r=0.483, p=0.086).
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Figure 13. Fos+ cell number in the ventrolateral preoptic area

(VLPO) of Arvicanthis niloticus at different zeitgeber times (ZT,

hours after lights-on). More Fos+ cells were found in the VLPO at ZT

20 than ZT 23. *p<0.05.
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Figure 14. Photomicrographs of the ventrolateral preoptic area

(VLPO) of Arvicanthis niloticus. More Fos+ cells were found in the

VLPO at zeitgeber time (ZT) 20 (top) than ZT 23 (bottom). Box =

(190 um)2, oc = optic chiasm.
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Retinal afferents. A shown in Figure 15, very sparse retinal

projections were seen in and around the VLPO. This very light

retinal input to the VLPO was seen in both animals, and contrasts

with the presence of a substantial number of labeled fibers seen

caudal to the VLPO around the borders of the SON, as well as the

very strong labeling seen in the SCN. No labeled fibers were seen in

the PVT.

Discussion.

The studies described in this section of the dissertation are the

first to document and describe the sleep-active VLPO in a diurnal

species. The Arvicanthis VLPO resembles the region first described

in the rat (Sherin et al., 1996) in many aspects. First, the VLPO in

grass rats, identified by giemsa staining (see Figure 11, top), is

located in the ventral most part of the lateral preoptic area, medial to

the HDB; the shape is slightly different than in rats, flaring out

dorsally and laterally, rather than having a more triangular shape

(see Figures 11, 12, and 14). The Arvicanthis VLPO appears to be

located more medial than in rats, this is a consequence of the

enlarged size of the optic chiasm relative to the rest of the brain in

Arvicanthis, a diurnal animal. Second, VLPO cells in both rats and

Arvicanthis contain the inhibitory neuropeptide GAL. It is
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Figure 15. Photomicrographs of cholera toxin-B (CTB)-labeled

retinal projections to the hypothalamus and preoptic area of

Arvicanthis niloticus. (A) Very few retinal projections were found in

the ventrolateral preoptic area (VLPO) of A. niloticus. The box

represents the 190 um2 area counted in experiments 4 and 5. Many

projections were found near the supraoptic nucleus (SON, B) and

suprachiasmatic nucleus (SCN, C), indicating successful transport of

the tracer. 3V = third ventricle, ot = optic tract, oc = optic chiasm.
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postulated that, together with GABA, this peptide serves the

inhibitory function ascribed to the VLPO (Sherin et al., 1998). Third,

the patterns of Fos expression indicates that the VLPO is sleep-active

in Arvicanthis as well as in rats (Sherin et al., 1996).

In A. niloticus, Fos expression within the VLPO increases at a

time when the animals are inactive compared to when the animals

are awake and active at the beginning of their dawn activity bout at

ZT 23 (see Experiment 3). This increase in Fos expression during the

inactive period seems to be restricted to the VLPO since time of

perfusion did not affect Fos expression elsewhere in the preoptic

area. However, these results most likely represent an underestimate

of the amplitude of the daily rhythm of Fos in the VLPO of Nile grass

rats because Fos expression in the VLPO is likely to decrease further

after ZT23, as the animals become even more active and have spent

more time without sleep. Furthermore, like other mammals,

Arvicanthis presumably exhibit an increase in the amount of REM

late in the sleep period, as SWS declines. Given that neuronal

activity in the VLPO is thought to be involved specifically in SWS

onset and maintenance (Sherin et al., 1998; Sherin et al., 1996),

sampling of sleeping animals prior to ZT 20 may reveal even higher

levels of VLPO Fos expression than were found in this study.
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As described in the introduction, the VLPO is thought to send

inhibitory projections to brain regions important in arousal and

vigilance (Sherin et al., 1998; Sherin et al., 1996). The VLPO may

also interact with other brain regions important in vigilance, such as

the PVT. Fos expression in the middle region of the PVT increased at

ZT 23, when the animals’ activity increases and Fos expression in the

VLPO was low. This supports the position that peak activity of the

PVT and VLPO occur at different times in the sleep-wake cycle and

leaves open the possibility that these two regions may have

reciprocally inhibitory connections. Experiment 6 of this dissertation

was designed in part to determine if the VLPO projects to the PVT in

A. m'loticus. However, functional studies ouside the scope of this

dissertation are needed to determine if these connections are

inhibitory.

For the most part, the functional and anatomical descriptions of

Arvicanthis VLPO show it to be remarkably similar to the rat VLPO.

However, one salient anatomical difference between the VLPO of rats

and Arvicanthis is the degree to which retinal fibers project to that

area. Retinal fibers were seen in apposition to Fos+ VLPO cells in the

rat (Lu et al., 1997), but in A. niloticus, only very sparse retinal

projections were identified in the area in and around the VLPO (see

Figure 15). The lack of labeling in the VLPO is not due to lack of
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transport of the tracer as evidenced by labeling in the SCN as well as

around the SON of both animals that receive CTB injections.

Differential innervation of the VLPO by retinal fibers may be

related to the discordant phase relationships between the light:dark

cycle and the display of sleep in rats and A. niloticus. For example,

light may promote sleep in rats, but not in diurnal species. Even

after SCN lesions, nocturnal rats have longer sleep bouts during the

light phase of the light:dark cycle (Mistlberger et al., 1983). Further,

the light:dark cycle has a powerful influence on the daily rhythms of

feeding, drinking, and wheel running in rats with SCN lesions and

fetal SCN grafts, whether or not the grafts restored free-running

rhythms in these animals (Boer et al., 1993). On the other hand,

diurnal squirrel monkeys housed in constant light spend more time

awake than their counterparts housed in a light-dark cycle (Wexler

and Moore-Ede, 1985). These data demonstrate that light has direct

effects on sleep and wakefulness, separate from the effect of light on

circadian rhythms. The development of diurnality may involve not

only a change in the phase relationship between the SCN and areas of

the brain that control sleep, but also a change in the mechanisms that

mediate the acute effects of light on these areas and on the display of

sleep. Perhaps the absence of significant retinal projections to the
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VLPO of A. niloticus reflects a lack of stimulation of sleep by light in

this species. For example, in the same tissue used to examine retinal

projections to the VLPO, no labeled fibers were seen in the PVT. The

finding that Arvicanthis have fewer retinal projections to areas that

are important in the control of the sleep/wake cycle (VLPO and PVT)

suggests that diurnal animals’ sleep cycles may be less affected by

light than are nocturnal animals’ sleep. Indeed, unlike the rat,

diurnal chipmunks with SCN lesions do not show daily rhythms in

activity when exposed to a light:dark cycle (Boer et al., 1993; Sato

and Kawamura, 1984b). The difference in the amount of retinal

innervation to brain regions mediating sleep and arousal may

account for this difference. Interestingly, in humans, few

retniohypothalamic tract projections were seen rostral to the SCN,

where the VLPO would be located (Dai et al., 1998b).

In summary, these studies demonstrated that the VLPO of the

diurnal A. niloticus increases its Fos expression during the rest phase

of the cycle, when animals display behavioral indices of sleep. Thus,

the VLPO of diurnal Arvicanthis is likely to serve the same function

as in rats — modulating the onset and maintenance of SWS. The grass

rat therefore appears to be an ideal animal model to compare how

light, circadian, and homeostatic influences combine to affect sleep

differently in diurnal and nocturnal species. The following study
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uses A. niloticus to investigate how Fos expression changes over the

light:dark cycle in the VLPO as well as other brain regions important

in the sleep/wake cycle.
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EXPERIMENT 5: Daily Rhythms in Fos expression in Brain Areas

Related to the Sleep-Wake Cycle in the Diurnal Nile Grass Rat

The previous experiment demonstrated that the Arvicanthis

VLPO contains a sleep-active cluster of cells similar to the rat VLPO.

Because the VLPO is active during sleep, it should show a daily

rhythm in activity similar to the sleep/wake pattern in A. niloticus.

The study described below examines the Fos expression in the grass

rat VLPO, as well as in the PVT, CMT, and TMN, over time points

similar to those used in the experiment using laboratory rats

(Experiment 1). Also, the Fos expression in histamine-containing

cells was ascertained. It is predicted that these brain regions will

show rhythms in Fos expression in A. niloticus, and that the rhythms

will be out of phase with the rhythms seen in rats. If this prediction

is confirmed, then it would support the hypothesis that differences in

the sleep-wake cycle of nocturnal and diurnal animals are due to

different patterns of activity in brain areas important in sleep and

wakefulness.
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Animals. Twenty-four male A. niloticus were used in the

following study. Animals were singly housed, and fed and watered

ad libitum as described in Experiment 3. The animals were housed

on a 12:12 light:dark cycle, with lights on at ZT 0.

Tissue Collection. The animals were perfused in pairs at 4 ZTs:

ZT 0.5, ZT 5, ZT 13, and ZT 17, following an injection of Equithesin (1

ml, i.p.) in the animal room; at ZT 13 and 17, a light-tight hood was

placed over the animals’ heads in order to prevent light-induced Fos

expression in the SCN and other brain areas. The animals were then

perfused with PBS and PLP as described earlier (see Experiments 1

and 4) . Brains were postfixed for 24 hours and then transferred to

20% sucrose in PBS. The brains were sectioned at 30pm using a

freezing microtome. The sections were divided into three sets and

stored in cryoprotectant.

Fos and Histamine Immunocytochemistry. Every third section

was processed for Fos immunocytochemistry (ICC) using a rabbit

anti-fos primary antibody (Santa Cruz) as described in Experiment 1.

Separately, the posterior half of the hypothalamus was subjected to

double-label ICC for Fos and histamine. The standard protocol was

used with some modifications. For Fos, the primary antiserum used

was sheep anti-Fos (Cambridge, 121000) with normal donkey serum
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(NDS), the secondary antiserum was donkey anti-sheep, and DAB-Ni

was the chromagen. For histamine ICC, rabbit anti-histamine (Sigma,

1:1000) was used with NGS; the secondary antiserum was goat anti-

rabbit, and DAB was the chromagen (3 min incubation for each

chromagen). No immunostaining for histamine was detected after

primary antibody deletion or preabsorbtion with histamine (100

ug/ml diluted serum; Sigma).

Microscopic Analysis. Brain regions were examined for Fos

immunostaining using the same methods used in Experiment 1. The

number of Fos+ cells in the VLPO was counted at 400X magnification

using an optical grid (190 um)2. The PVT, CMT, and TMN were

identified with the aid of the rat brain atlas (Paxinos and Watson,

1997). The PVT was divided into 3 subregions as described in

Experiments 1 and 4, and the number of Fos+ cells was determined

for each region at 250X magnification. The number of Fos+ cell in the

CMT was determined at 250K magnification using an optical grid

(300 um)2. The DTM was located in the posterior hypothalamus, on

either side of the third ventricle; the number of Fos+ cells in one

section containing the DTM was counted at 100X in an area of (120

um) 2. The VTM was located caudal to the DTM, along the edge of

the brain bilaterally in the posterior hypothalamus; the number of
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Fos+ cells in a (150 um)2 grid was counted at 250x. This grid

encompassed the magnocellular region of the VTM, which differed in

size from the DTM. The data for each brain region were averaged to

yield an average number of Fos+ cells per section. The data for each

brain region were subjected to a one-way ANOVA, with the number

of Fos+ cells per section as the dependent variable and the ZT as the

independent variable; Fisher's PLSD was used for pairwise

comparisons. Correlations between brain regions with respect to the

number of Fos+ cells/section were also determined using Pearson’s r.

Differences and correlations were considered significant if p<0.05.

For the histamine double-label ICC, the number of histamine+

(hist+) cells as well as the number of hist+ cells containing Fos were

counted in the lateral group of hist+ cells (including the VTM) using

an Olympus BX 60 microscope at 400X. The percent of hist+ cells

containing Fos was calculated for each animal. Because the data were

expressed as percentages, they were subjected to an arc-sine

transformation to normalize the distribution. The data were then

subjected to a one—way ANOVA, with ZT as the independent variable

and percent hist+ cells containing Fos as the dependent variable.
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Me:

As shown in Figures 16, ZT significantly affected the number of

Fos+ cells in the VLPO (F(3,20)=3.486, p<0.05). The number of Fos+

cells at ZT 17 was significantly greater than the number of Fos+ cells

at ZT 5 and ZT 13 (p<0.05; see Figure 17, top). As shown in Figure 16,

Fos+ cell number varied significantly across time of day in the PVT as

a whole (F(3,20,=8.439, p<0.001). There were more Fos+ cells in the

PVT at ZT 0.5 than at any other time point (p<0.05; see Figure 17,

middle); More Fos+ cell were found in the PVT at ZT 5 than at ZT 13

(p<0.05). When the PVT subregions were analyzed, a significant

rhythm of Fos expression was found in the middle PVT (F(3,20)=4.605,

p<0.05; see Figure 17) and posterior PVT (F(3.20)=7.861, p<0.01), but

not in the anterior PVT (F(3,20)=1.782, p=0.183). A similar rhythm in

Fos expression was seen in each PVT subdivision; the data for the

PVT subdivisions were pooled and the data for the entire PVT Fos

expression were used for the correlation analyses (see Table 3).

No significant differences in Fos+ cell number across the

light:dark cycle were found in the CMT (F(3,20)=1.251, p=0.318; see

Figure 16). However, as shown in Table 3, a significant correlation

was found between Fos+ cell number in the PVT and the CMT

(r=0.794, p <0.0001). A significant rhythm in the number of Fos+
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Figure 16. Fos+ cell number in the ventrolateral preoptic area

(VLPO) of A. niloticus housed on a 12:12 light:dark cycle at

different zeitgeber times (ZT; hours after lights-on). Fos+ cell

number in the VLPO increased at ZT 17, when these animals are

likely to be sleeping. Fos+ cell number in the paraventricular

nucleus of the thalamus (PVT) showed a rhythm over the L:D cycle,

with Fos expression peaking at ZT 0.5. There was no significant

rhythm in Fos expression in the centromedial nucleus of the

thalamus (CMT). A rhythm in Fos expression was seen in the

ventral tuberomammillary nucleus (VTM), with Fos+ cell number

lowest at ZT 17. No rhythm in Fos+ cell number was seen in the

dorsal TMN (DTM). In all graphs, a. significantly different from ZT

0.5, b. significantly different from ZT 17, c. significantly different

from ZT 5, (p<0.05).
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Figure 17. Photomicrographs of Fos+ cells in the ventrolateral

preoptic area (VLPO; top), paraventricular thalamic nucleus (PVT;

middle), and centromedial thalamic nucleus (CMT; bottom) at

different zeitgeber times (ZTs) in Arvicanthis niloticus. More Fos+

cells were seen in the VLPO at ZT 17 than at any other time point,

including ZT 13 as shown here. The PVT contained more Fos+ cells

at ZT 0.5 than ZT 13. Lastly, no significant rhythm in Fos expression

was seen in the CMT. 3V = third ventricle, oc = optic chiasm.
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Table 3

Correlations between Fos+ cell number

in brain regions in A. niloticus

 

VLPO PVT CMT VTM DTM

VLPO 0 281 0.252 -0 237 0 200

PVT 0 794** 0 168 0 370

CMT 0414* 0.319

VTM 0.320

DTM --- --— --- --- ---

 

VLPO, ventrolateral preoptic area; PVT, paraventricular thalamic

nucleus; CMT, centromedial thalamic nucleus; VTM, ventral

tuberomammillary nucleus; DTM, dorsal tuberomammillary nucleus.

*p<0.05, **p<0.0001
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cells was found in the VTM (F(3,20)=4.330, p<0.05), where Fos cell

number at ZT 17 was less than any other time point (p <0.05; see

Figures 18 and 16). No effect of ZT was found in the DTM

(F(3,19)=0.646, p=0.595). As shown in Table 3, Fos+ cell numbers in

the CMT were also positively correlated with those for the VTM

(r=0.4l4, p <0.05).

As shown in Figure 19 (top), some hist+ cells in and around the

VTM contained Fos immunoreactivity. There was a significant

rhythm in Fos expression within hist+ cells of the VTM (F(3,13)=5.965,

p<0.01). Specifically, more hist+ cells contained Fos at both ZT 0.5

and ZT 13 than at ZT 17 ; and more double labeling was seen at ZT 13

than at ZT 5 (p<0.05).

Discussion:

This study ascertained that the VLPO of the diurnal A. niloticus

shows a significant rhythm in Fos expression in animals kept in a

12:12 light:dark cycle. Fos+ cell number increased in the middle of

the night, at ZT 17. As shown in Experiment 3, A. niloticus are most

likely to be sleeping in the middle of the dark phase. The pattern of

Fos expression seen in the VLPO of Arvicanthis is therefore

predictable from these animals’ sleep patterns: at ZT 17, when VLPO

Fos expression is high, grass rats are likely to be sleeping, whereas
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Figure 18. Photomicrographs of Fos expression in the ventral (VTM)

and dorsal (DTM) tuberomammillary nuclei in Arvicanthis niloticus

at different zeitgeber times (ZTs). Fewer Fos+ cells were found in

the VTM at ZT 17 than at any other time point. No rhythm in Fos

expression was found in the DTM. Boxes represent areas analyzed

in Experiment 5. 3V = third ventricle. Box over the VTM on the

lateral edge of the brain (150pm)2, box over the DTM near 3V =

(120 um)?

105



 

 

I

' o

..’..

u.o

\o.

 

 

 

106

- C

O

I
fl

0 o

C

C

C

O

o

O



Figure 19. top: Photomicrograph of histamine-containing cells

(hist+, beside asterisks) and Fos+ cells (arrows) in the ventral part of

the tuberomammillary nucleus (VTM); many histamine-containing

cells in the VTM were Fos+ (arrowheads). bottom: More hist+ cells

in the VTM contained Fos at zeitgeber time (ZT) 0.5 and ZT 13 than

at ZT 17; more double-labeled cells were also found at ZT 13 than ZT

5. The distribution of the proportions of hist+ cells containing Fos

was normalized using the arcsin transformation. b. different from

ZT 17. (1. different from ZT 5.
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they are unlikely to be sleeping when VLPO Fos expression is low, at

ZT 0.5 - ZT 13. Taken together with data from Experiment 4, these

results indicate that VLPO Fos expression increases throughout the

middle and late night in Arvicanthis, and diminishes just prior to

lights-on. The presence of a rhythm in the VLPO suggests that the

circadian clock of the SCN influences the activity of the VLPO.

However, given the presence of very few direct projections from the

SCN to the VLPO in rats (Experiment 2), this circadian regulation is

probably imposed via relay sites or via humoral rather than axonal

SCN outputs.

The pattern of Fos expression seen in Arvicanthis differs

considerably from the pattern seen in the rat VLPO (increased Fos at

ZT 5 and ZT 13). Therefore, the circadian control of the VLPO differs

between these two species. The critical difference in the circadian

signal sent to target brain regions in diurnal and nocturnal animals

may lie in (1) a different circadian signal emanating from the SCN,

such as a different neurotransmitter, or (2) the same signal emitted

at a different phase, in which case subpopulations of SCN cells

projecting to the VLPO would be expected to have different patterns

of activity over the circadian cycle in the two species. (3) There may

also be an alteration of the circadian signal by an intermediary brain

region. As described earlier (Experiment 2), the sPVHz, may play a
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role in relaying the circadian signal to the VLPO. If this is the case,

then the activity pattern of these sPVHz neurons should differ

between species. Lastly (4), there may be differential

responsiveness of target regions to similar circadian signals. If this is

the case, then the process of modifying the timing of activity of a

mammalian species over evolution (i.e., from nocturnal to diurnal,

after a nocturnal bottleneck) would have involved a change in

responsiveness of each individual SCN target region to a common

signal.

This study also showed that the PVT of Arvicanthis displays a

daily rhythm in Fos expression. For the most part, the pattern seen

in the PVT is predictable from the activity pattern of this species: at

the time of these animals’ morning activity bout (ZT 0.5), Fos

expression is highest in the PVT. The pattern seen during the dark

phase, however, does not match expectations: Fos expression in the

PVT does not increase at ZT 13, after these animals show a moderate

activity peak, and it does not decrease at ZT 17, when they are likely

to be sleeping and when Fos expression is increased in the VLPO.

These observations suggest that the PVT may be more important in

inducing wakefulness early in the light phase compared to the rest of

the cycle. Other brain regions may be responsible for inducing

wakefulness later in the day.
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Although no rhythm was found in the DTM in grass rats, a

significant rhythm in Fos expression was seen in the VTM, the region

of the TMN shown to receive GABAergic and Galaninergic projections

from the VLPO in rats (Sherin et al., 1998). Fewer Fos+ cells were

found in the VTM of Arvicanthis taken at ZT17 than at any other

time point. Experiment 3 demonstrated that Arvicanthis are most

likely to be sleeping in the middle of the night, when VTM Fos

expression is lowest. Further, this pattern is the opposite as that

seen in the VLPO, where Fos+ cell number was increased at ZT 17;

given that the VTM and VLPO have mutually inhibitory connections

(Sherin et al., 1998), the decrease in Fos expression in the VTM at ZT

17 is not surprising. Since no rhythm in Fos expression was found in

the rat TMN, the circadian modulation of Fos expression in the grass

rat VTM may represent a species difference in the mechanism

through which the circadian clock controls the activity cycle.

As previously described, evidence suggests that the TMN is

more important in transitory, phasic events contributing to arousal

than sustaining tonic activation of wakefulness in rats (Szymusiak et

al., 1989). The contribution of the TMN to the overall activity

pattern may differ between species, however. The reduction in Fos

expression in the VTM in Arvicanthis seen during the middle of the

night (ZT 17) may reflect a circadian signal to the TMN in Arvicanthis
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that is weak or absent in rats. Reduced activity in the TMN may

facilitate the display of sleep in this diurnal species.

The importance of histamine in the peaks of locomotor activity

in grass rats is supported by data from this experiment showing that

Fos expression in histaminergic cells within the VTM peaks at ZT 0.5

and ZT 13. Therefore, histaminergic cells are most active at the times

of the day when this species shows the strongest activity, at the

light-dark transitions (see Experiment 3). This may contribute to the

crepuscular nature of the Arvicanthis activity pattern. Further, since

Fos expression in hist+ cells did not significantly decrease from ZT 0.5

to ZT 5 in grass rats, histamine may also promote wakefulness during

the daytime and therefore contribute to the diurnal portion of its

activity cycle. It is possible that the sudden change in lighting

conditions startled the animals, inducing Fos expression in hist+ VTM

cells at those times. However, the animals were raised under similar

lighting conditions, allowing them to acclimate to the sudden change

in lighting. Further, if stress caused the increase in Fos expression in

hist+ VTM cells at the light:dark transitions, then the stress should

have induced PVT Fos expression at both light:dark transitions, not

at only ZT 0.5 (not ZT 13), as was found in this study.

Considering the combined patterns of Fos expression in the PVT

and VTM, it is possible that, in A. niloticus, these two brain regions
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contribute in distinct but complementary ways to the overall activity

pattern of these animals. This introduces a possible difference

between diurnal and nocturnal animals not previously considered —

that species differences in activity patterns may involve differential

contributions of distinct arousal systems to overall activity, and that

the strength of circadian modulation (as opposed to only the pattern

of modulation) of these arousal systems differ between species.

Specifically, the circadian signal to the VTM may contribute more to

wakefulness in Arvicanthis compared to rats.

No significant rhythm in Fos expression was found in the CMT

of grass rats. This is in contrast to the significant pattern seen in the

rat, and represents further evidence that wakefulness is supported

by different brain arousal systems in the two species. Although no

rhythm was seen in the CMT of A. niloticus, a significant positive

correlation was seen between Fos expression in the PVT and CMT.

Similar to the rat, since the PVT and CMT are activated together

within the animal, this supports the assertion that these two brain

regions both contribute to wakefulness. Additionally, there was a

significant correlation between Fos expression in the CMT and VTM.

Both the activity of intralaminar nuclei and posterior hypothalamic

neural activity are associated with desynchronization of the EEG

(Glenn and Steriade, 1982; Schwartz et al., 1991). Together, the
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activity of the CMT, PVT, and histaminergic nuclei may account for

different components of arousal and wakefulness in this species.

Lastly, the possible effects of light on Fos expression in the

VLPO and PVT must be taken into account when evaluating the data

from these two species. For example, the presence of significant

retinal projections to VLPO in the rat, nearly absent in Arvicanthis,

implies that light may stimulate activity of the VLPO and contribute

to its rhythmic expression of Fos in rats (Lu et al., 1997), but not in

Arvicanthis. Further, the presence of retinal projections in the rat

PVT, a region that decreases Fos expression in the daytime, suggests

that light may inhibit neuronal activity in the PVT. The absence of

retinal projections to the PVT in A. niloticus implies that, contrary to

the rat, light stimulation is not likely to directly contribute to activity

in the PVT of this species. In rats, the light:dark cycle has a powerful

effect on daily activity even in the absence of a circadian clock (Boer

et al., 1993). The present findings suggest that this effect of light

may be absent or diminished in the diurnal rodent examined here

(also see discussion in Experiment 4).

Thus far, it has been demonstrated that both nocturnal rats and

diurnal Arvicanthis show rhythms in brain areas affecting sleep and

wakefulness, and that these rhythms differ between the two species,

often mirroring their activity patterns. The presence of a rhythm in
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the PVT, a known target region of the SCN in rats, suggests that the

SCN is important in the regulation of rhythmic Fos expression in this

thalamic region. However, SCN projections to the PVT have yet to be

documented in Arvicanthis. The next experiment first compares the

profile of afferent input to the PVT in rats and Arvicanthis, with

special attention paid to the SCN cells projecting to the PVT. Then,

the phenotype of SCN neurons projecting to the SCN is compared in

the two species.
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EXPERIMENT 6: Suprachiasmatic Nucleus Projections to the

Paraventricular Thalamic Nucleus in Rats and Nile Grass Rats

Previous experiments have revealed rhythms in Fos expression

in the PVT in both rats and A. niloticus (see Experiments 1 and 5). It

is therefore likely that the PVT receives circadian input from the

SCN. Whereas the presence of SCN projections to the VLPO in rats is

questionable, the existence of SCN projections to the PVT is

undisputed (Watts et al., 1987). However, no data have been

collected on the projection patterns of the SCN in Arvicanthis.

Therefore, the first aim of this study was to determine whether the

SCN projects to the PVT in A. niloticus and, moreover, to compare the

pattern of afferent input to the PVT between Arvicanthis and rat.

The SCN is a heterogeneous nucleus with numerous neuronal

subpopulations, many of which can be identified by their peptide

content (Inouye and Shibata, 1994). For example, many neurons in

the SCNdm of the rat contain AVP, whereas the ventrolateral portion

of the SCN (SCNvl) is characterized by cells containing vasoactive

intestinal polypeptide (VIP) as well as gastrin releasing peptide

(GRP) (Inouye and Shibata, 1994). It has been shown that the SCN

exhibits a daily rhythm in the content and release of AVP, as well as

AVP concentration in the CSF, which peaks in the light phase in rats
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and other species, both nocturnal and diurnal (Cagampang et al.,

1994; Kalsbeek et al., 1995; Noto et al., 1983; Reppert et al., 1987; Uhl

and Reppert, 1986). In spite of these similarities in AVP rhythms in

diurnal and nocturnal mammals, AVP neurons of the SCN may

function differently in rats and A. niloticus. For example, recent data

have shown that nocturnal rats show little colocalization of AVP and

Fos in the SCN, whereas the diurnal Arvicanthis show a rhythm in

Fos+ AVP cells which peaks in the light phase (Rose et al., 1999).

Since AVP neurons have been found to project to the PVT in rats

(Watts and Swanson, 1987), it is possible that the regulation of target

regions by vasopressinergic neurons in the SCN differs between

species with different activity patterns.

Gastrin releasing peptide also shows a rhythm in the SCN of

rats, peaking in the light phase of the cycle (Inouye and Shibata,

1994). The distribution of GRP+ cells within the SCN of grass rats is

concentrated in the center of the nucleus, which differs from that

seen in the rat. Also, whereas GRP+ cells often express Fos in rats

(Romijn et al., 1996), few GRP cells contain Fos in the Arvicanthis SCN

(Katona et al., 1998).

The different pattern of rhythmic expression of Fos in the PVT

in rats and Arvicanthis may be due to the effect of different subsets

of SCN neurons projecting to the PVT. Thus, the phenotype of PVT-
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projecting cells, identified by peptide content, may differ between

species. The second aim of the following study was therefore to

compare the numbers AVP+ and GRP+ SCN neurons projecting to the

PVT in rats and Arvicanthis.

We:

Animals. Thirty-five rats and thirteen A. niloticus were used

in the following study. Animals were housed as described in

Experiments 1 and 3, but were individually housed after surgery.

Cl‘fi microinjection. In each animal, CTB was microinjected into

the PVT. The anterior PVT was targeted because it has been

demonstrated that the SCN preferentially projects to the anterior

portion of the PVT in rats (Watts et al., 1987) and hamsters (Morin et

al., 1994). For rats, the standard protocol for stereotaxic

microinjection was used (see Experiment 2), except that 20 ml CTB

was microinjected into the PVT using the following coordinates: AP

—1.2 to —1.4 , ML 1- 0.0, DV —5.1 to 5.3.

A. niloticus were injected with Nembutal (0.95 mllkg) and the

tops of the heads were shaved; small amounts of the inhalant

anaesthetic metofane (methoxyflurane, Pitman-Moore) was also

used. The animals were placed in the stereotaxic apparatus with the
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bite bar at -5.0. An injection of Lidocaine (0.05 ml, s.c.) was given

just under the skin on the skull, and artificial tears (the Butler

Company) were applied to the eyes to prevent drying. An incision

was made through the skin, and bregma was exposed. The following

coordinates were used for the PVT in Arvicanthis: AP +0.8, ML $0.0,

DV —3.9 or —4.0. cholera toxin-[3 was then slowly injected into the

PVT (20 n1), as described in Experiment 2. After surgery, gelfoam

was placed on the skull, wounds were closed with autoclips, animals

were given saline (0.5 ml, i.p.) and buprenex (0.1 ml, i.p.) to ease

recovery; antiseptic ointment (Novalsan) was placed on the wound,

and animals were placed alone in the cage which sat upon a heating

pad until the animal awakened. The health of the animals was

evaluated the morning after surgery.

Perfusipn and Tissue Collectipn. Two days after surgery,

animals were perfused. All Arvicanthis were perfused in the

daytime. Rats were perfused at either ZT 5 or ZT 17. Animals were

given an overdose of Nembutal (1.0 ml for R.n., 0.5 ml for A.n.), and

were then perfused as described earlier (Experiments 1 and 3).

Brains were removed and postfixed in PLP for 4 hr (R.n.) or 2 hr

(A.n.). All brains were sectioned into 30pm sections into 4 sets (R.n.)

or 3 sets (A.n.). Sections were taken starting at the septal area and
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extending through the hypothalamus to the rostral portion of the

midbrain. Sections were stored in cryoprotectant for later use.

Immunocytochemistry. One set of sections was processed for

CTB-ICC as described in Experiment 2. Next, using the brains with

the best PVT injections, double-label immunocytochemistry was

performed for CTB plus either GRP or AVP using the standard

protocol with the following modifications. Brain sections were rinsed

and incubated in the first blocking serum (NDS) followed by the first

primary antiserum, rabbit anti-AVP or -GRP (1:10,000; Peninsula

Laboratories, Inc.) for 1 (GRP) or 2 (AVP) nights. After rinsing, the

tissue was incubated in the first secondary antiserum, biotinylated

donkey anti-rabbit (1:500 for AVP; 1:400 for GRP; Jackson

Laboratories). After the ABC incubation, sections were exposed to

DAB for 2 min (AVP) or 5 min (GRP). The tissue was rinsed before

being processed for CTB-ICC (See experiment 2). The second

chromagen used for CTB immunostaining was SG (Vector

Laboratories; blue stain). Sections were mounted onto gelatin-coated

slides, dehydrated, and slides were affixed with coverslips.

Microscopy. First, the afferent projection patterns of the PVT

in rats and A. niloticus were examined, with special attention paid to

the SCN of both species; the brains containing the best PVT injections
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were used. Second, the colocalization of CTB with the peptides (AVP

and GRP) was analyzed. Cellular peptide content and colocalization

with CTB were analyzed using camera lucida drawings of the SCN of 3

rats, as well as 3 Nile grass rats for GRP staining, and 8 Nile grass rats

for AVP staining. Each section containing the SCN was drawn at 500X

magnification (40X objective), and the locations of cells

immunopositive for the peptide, CTB, or both were indicated on the

drawings. Only the cases where the SCN contained at least 25 CTB+

cells were included in the analysis of peptide content. The numbers

of double-labeled cells and CTB+ cells were counted, and the percent

of total CTB+ cells containing each peptide was analyzed using a

Mann-Whitney U (nonparametric) test to determine if there was a

species difference in the percent of CTB+ cells colocalized with each

peptide.

Results:

The SCN of both rats and Arvicanthis contained retrogradely

labeled CTB+ neurons (Figures 1922). The pattern of labeled cells in

the rat SCN was similar to that described in Watts, et al. (1987), with

labeled cells slightly more concentrated in the outer aspects of the

SCN, including the sPVHz (Watts et al., 1987), and in the dorsal
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Figure 20. The injection sites within the paraventricular thalamic

nucleus (PVT) in rats (n=3) used in comparisons with Arvicanthis

niloticus. Brain sections are organized from rostral (top left) to

caudal (bottom right). The PVT is shaded and the injections sites

are outlined. 3V = third ventricle, sm = stria medullaris, f = fornix,

IL=intralaminar thalamus, LD = lateral dorsal thalamus, Hb =

habenula.
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Figure 21. Pattern of CTB+ retrogradely labeled neurons in the

suprachiasmatic nucleus (SCN) of rats after injection of the tracer

into the anterior paraventricular thalamic nucleus (PVT, see Figure

20) of rats. Brain sections are organized from rostral (upper left) to

caudal (lower right). Cells containing CTB were found throughout

the SCN, as well as just dorsal to the SCN. 3V 2 third ventricle, oc =

optic chiasm.
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Figure 22. The injection sites within the paraventricular thalamic

nucleus (PVT) in Arvicanthis niloticus (n=5) used in comparisons

with the rat. Brain sections are organized from rostral (top left) to

caudal (bottom right). The PVT is shaded and the injections sites

are outlined. 3V = third ventricle, sm = stria medullaris, f = fornix,

IL=intralaminar thalamus, LD 2 laterodorsal thalamus, Hb =

habenula.
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Figure 23. Pattern of CTB+ retrogradely labeled neurons in the

suprachiasmatic nucleus (SCN) of Arvicanthis niloticus after

injection of the tracer into the anterior paraventricular thalamic

nucleus (PVT, see Figure 22). Cells containing CTB were found

throughout the SCN, as well as just dorsal to the SCN. 3V = third

ventricle, oc = optic chiasm.
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portion of the SCN in the rostral aspects of the nucleus (Figure 21).

No such bias was observed in the labeling pattern in A. niloticus; in

this species, PVT-projecting neurons were distributed more evenly

throughout the SCN.

Vasopressinergic neurons were concentrated in the SCNdm in

rats, but were distributed in a ring-like shape, avoiding the core of

the SCN in Arvicanthis, as described in Rose, et al. (Rose et al., 1999;

see Figure 24). Many CTB+ cells in the SCN were labeled for AVP

(AVP+) in both rats and Arvicanthis (Figure 25; Table 4). However,

no species difference was found in the percent of CTB+ cells that were

also AVP+ (U=11.00; p = 0.838). It should be noted that the percent

of CTB+ cells containing AVP followed a bimodal pattern, with two

out of the 3 Arvicanthis with the most rostral PVT injections

containing very few double-labeled cells in the SCN (1.790% of CTB+

containing AVP; the third of the rostral injections was not an outlier)

compared to more caudally placed injections.

Cells containing GRP (GRP+) in the SCN of rats were located in

the SCNvl (Figure 24), but were concentrated in the middle (core)

portion of the SCN in Arvicanthis. Interestingly, regions containing

AVP and GRP were mutually exclusive in both species, with AVP+

cells forming a ring around GRP+ cells in the middle of the SCN in
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Figure 24. Photomicrographs of the suprachiasmatic nucleus (SCN)

of rats (R.n., left column) and Arvicanthis niloticus (A.n., right

column) containing cells labeled with cholera toxin B(CT[3; blue),

which project to the paraventricular thalamic nucleus (PVT). The

photomicrographs on the top illustrate immunolabeling for arginine

vasopressin (AVP; brown staining), which was concentrated in the

dorsomedial portion of the SCN in rats and the outer aspects of the

SCN in A. niloticus. Many CTB+ cells were contained AVP in both

rats and A. niloticus. The photomicrographs on the bottom

illustrate gastrin releasing peptide (GRP; brown staining; left

column) immunostaining in the SCN. Cells containing GRP were

located in the ventrolateral aspects of the SCN in rats, but were

concentrated in the center of the SCN in A. niloticus. Few CTB+ cells

contained GRP in either species. 3V = third ventricle, oc = optic

chiasm.
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Figure 25. Photomicrographs of neurons in the suprachiasmatic

nucleus of rats (A and B) and Arvicanthis niloticus (C). The SCN of

both species contained cells that were retrogradely-labeled / cholera

toxin-immunopositive (CTB+; blue cells, indicated by arrows)

projecting to the paraventricular thalamic nucleus (PVT). Many

cells in the SCN contain vasopressin (AVP; brown staining; next to

asterisks), and a portion of the CTB+ cells in both species contain

AVP (double-labeled cells indicated by arrowheads).
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Table 4

Peptide Content of SCN cells projecting to PVT

in rats and A. niloticus

 

Mean (iSEM) percent CTB+ cells in SCN containing neuropeptides

AVP GRP

Rattus Norvegicus 8.868% 111.021 0.648% :1: 0.341

(rat) n: 3 3

Arvicathis niloticus 6.464% __+l.404 0.749% 3; 0.252

(Nile grass rat) n: 8 4
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grass rats, and AVP in the SCNdm and GRP in the SCNvl in rats. The

number of GRP+ cells in the SCN differed greatly within species

(ranging from 93 to 300 in R.n., and from 43 to 103 in A.n.). Very

few CTB cells in the SCN of either species contained GRP (Table 4),

and no species difference was found (U=5.50; p = 0.860). The total

number of cells containing CTB after double labeling with GRP was

229.333 i 115.609 in rats and 200.75 i 63.700 in A. niloticus. In

brain sections immunostained for both AVP and CTB, 192.00 i

92.049 CTB+ cells were found in the SCN of rats, and 106.63 i26.660

in Arvicanthis, indicating that fewer CTB cells were detected in the

sections labeled for AVP compared to GRP. Lastly, the PVT of rats

and Arvicanthis contained fibers immunopositive for both AVP and

GRP (Figure 26).

After successful injections of the PVT of rats (Figure 20), the

distribution of CTB+ cells in the rat outside the SCN was similar to

that described in the literature (Cornwall and Phillipson, 1988).

Many CTB+ neurons were located in the most anterior and medial

portion of the reticular thalamic nucleus (Rt), abutting the zona

incerta, which also contained PVT-projecting cells. Neurons

containing CTB were found in the LS, BST, meA, and a few cells were
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Figure 26. The paraventricular thalamus (PVT) of rats (left column)

and Arvicanthis niloticus (right column) contained fibers

immunopositive for vasopressin (AVP, top row) and gastrin

releasing peptide (GRP; bottom row). Fibers are indicated by

arrows. 3V 2 third ventricle.
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located in the diagonal band. The MP3 contained CTB+ cells, as well

as the mPO. Neurons projecting to the PVT were found in the VLPO;

these cells were few in number, but consistently found in animals

with successful PVT injections. Other hypothalamic nuclei also

contained CTB+ cells, including the PeV, AHA, DMN, VMH, posterior

hypothalamus (PH), LH, and Arc, in and surrounding the TMN, and in

the SUM; a few CTB+ cells were found in the PVN. Although much of

the brainstem was unavailable for analysis, the PAG was inspected

and CTB+ cells were found there. In the Nile grass rat, the PVT

afferent projection pattern was similar to that on the rat, with CTB+

cells found in the same regions including the VLPO. Compared to the

rat, CTB+ cells in A. niloticus tended to be more numerous in the

nuclei of the diagonal band and less numerous in the meA. Labeled

cells in the diagonal band of A. niloticus extended and merged with

those of the LS.

Discussion:

These results are the first to document any SCN projections in a

diurnal rodent, and more specifically, that the SCN sends projections

to the PVT in A. niloticus, a diurnal rodent. A similar projection has

also been documented in humans (Dai et al., 1998). After a
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retrograde tracer was injected into the PVT of A. niloticus, the

pattern of retrograde labeling in the SCN differed slightly from that

of rats; the bias toward the SCNdm typical of the rat was absent in

the diurnal species (Figures 23, 24).

Many AVP+ SCN cells projected to the PVT in both species, and

AVP+ fibers were identified in the PVT of both species (Figure 26).

However, no difference was found in the number of AVP+ SCN cells

that projected to the PVT between species. It should be noted that

the AVP immunostaining may have obscured the identification of

CTB+ cells because many more CTB+ cells were found in the SCN after

immunolabeling for GRP compared to AVP. However, the reduction

in CT[3+ cells associated with AVP staining was similar between

species (36% in R.n., 47% in A.n.). In contrast to AVP labeling, very

few PVT-projecting SCN cells were GRP+ in either species. There

were GRP+ fibers in the PVT of both species (Figure 26), but

apparently most of these fibers do not originate in the SCN.

These results demonstrate that there is no species difference in

the number of AVP+ or GRP+ SCN cells projecting to the PVT.

Nonetheless, the activity patterns of at least AVP+ cells within the

SCN may be different in these two species and this may influence the

rhythm of Fos expression in the PVT. Arvicanthis show a rhythm of
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Fos expression in AVP+ neurons of the SCN with a peak during the

day. The same study showed that in rats, there is little or no

colocalization of Fos and AVP in the SCN regardless of the sampling

time (Rose et al., 1999). Although nocturnal mice also show Fos

expression in AVP+ cells, no rhythm in Fos/AVP colocalization has

been demonstrated in this species (Castel et al., 1997). Therefore,

AVP+ SCN cells may project to the PVT in both species studies here,

but the pattern of activity of these neurons may differ between

species with different activity patterns. The rhythm of Fos

expression seen in AVP+ cells of the Arvicanthis SCN may be a result

of photic stimulation. Therefore, retinal projections may

differentially affect peptidergic cell populations in the SCN ’of rats

and Arvicanthis. This, together with the differential retinal

innervation of the PVT described earlier, may contribute to species

differences in the display of activity when animals are kept in a

light:dark cycle.

It should be noted that the rats and Arvicanthis used in this

study were perfused at different times of day. Given that some

peptides within the SCN follow a circadian pattern (Inouye and

Shibata, 1994), this may have affected whether or not a CTB+, PVT-

projecting SCN cell had a detectable amount of peptide. However, the
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number of AVP+ cells have not been shown to vary over the

light:dark cycle (Inouye and Shibata, 1994). Further, recent data

have shown that the amount of peptide (AVP, GRP, or VIP) contained

within cells of the SCN depends on the sleep state of the animal

rather than the phase of the light:dark cycle per se (Schilling and

Nurnberger, 1998). In the present study, the number of GRP+ SCN

cells was highly variable in both species; and time of day could not

account for this variability in GRP+ cell number. Even when many

GRP+ cells were contained within an animal’s SCN, few CTB+ cells

were found to contain GRP. Therefore, time of perfusion was not

likely to bias the detection of peptide content in PVT-projecting SCN

cells.

In both rats and Arvicanthis, the VLPO contains cells that

project to the PVT. Although few CTB+ cells are located in the VLPO,

labeled cells were consistently found in animals with successful PVT

injections. This is consistent with the anterograde labeling pattern

after injection of the VLPO; fibers originating on the VLPO of rats

were clearly present in the PVT, although the significance of this was

not discussed by the author (Sherin et al., 1998). Because the PVT

both receives SCN input and projects to the VLPO, the PVT may relay

circadian information to the VLPO and partially contribute to the
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pattern of daily Fos expression seen in the VLPO. Further,

Experiment 2 demonstrated that the rat PVT contains a small

number of cells projecting to the VLPO. These data add to the

functional model of sleep described in the introduction. The PVT and

VLPO may have mutually inhibitory projections, which would

partially account for the negative correlation seen between these

areas with respect to Fos expression at different times of day (see

Experiment 1).

143



GENERAL DISCUSSION

The experiments described in this dissertation have

contributed to the development of a functional neuroanatomical

model of the circadian control of sleep and wakefulness. Specifically,

aspects of the circuitry through which the circadian clock may

modulate sleep and arousal have been clarified. Further, the

comparative approach of this work has identified similarities

between diurnal and nocturnal animals, as well as striking species

differences in the pattern of neural activity in brain regions

important in the control of the sleep/wake cycle. The following

discussion integrates this new information with the extensive

literature on the neural regulation of sleep, as well as with the more

limited literature on the neural correlates of species differences in

the distribution of sleep and wakefulness across the day/night cycle.

Before the comparative aspects of this work are discussed, though,

the circadian modulation of brain regions integral in the sleep/wake

cycle in the rat will be reviewed. In particular, the roles of the VLPO

and the midline and intralaminar thalamic nuclei will be reevaluated

in light of the present results.
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Functional Neuronal Model of Sleep and Circadian Rhythms.

Role of the VLPQ in the circadian modulation of the sleep/wake

gyie. The results of Experiment 1 demonstrate the presence of daily

rhythms in Fos expression in the VLPO, an area known to be

involved in the homeostatic regulation of sleep (Sherin et al., 1998;

Sherin et al., 1996). The VLPO regulates sleep and wakefulness via

connections with brain regions important in arousal (TMN, raphe

nuclei, LC, VTA, and cholinergic nuclei of the basal forebrain and

pons). Although many of these anatomical pathways have been

described in detail, most of the discussion concerning the functional

features of these circuits has been limited to the putative inhibitory

connections of the VLPO and the TMN (Sherin et al., 1998; Stevens et

al., 1999). Data from Experiments 2 and 6 indicate that the PVT is

likely to also be part of the circuitry by which the VLPO modulates

sleep. The VLPO projects to the PVT and neural activity in the VLPO

was negatively correlated with that of the midline thalamic nuclei

(PVT and CMT; Experiment 1). Therefore, similar to what has been

postulated for other outputs of the VLPO, control of wakefulness may

involve inhibitory influences of the VLPO upon the PVT.

Although the role of the VLPO in the sleep/wake cycle is

beginning to be elucidated, the mechanisms by which the SCN

imposes a rhythm on VLPO activity have not yet been identified.
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The evidence presented here indicates that the VLPO does not

receive significant axonal input from the SCN in rats (Experiment 2).

The SCN may affect VLPO neural activity by two other mechanisms.

First, the SCN may indirectly modulate VLPO neuronal activity via a

relay through an intermediate brain region. The sPVHz, an area of

the hypothalamus that receives a large proportion of the SCN axonal

output (Watts et al., 1987), is a likely candidate for this role. It is

also possible that the PVT, a recipient of numerous SCN projections

(Experiment 6), contributes to the circadian modulation of the VLPO

via direct projections to this region. Second, the SCN may impose a

rhythm on VLPO cells though non-axonal outputs (Silver et al., 1996).

Fetal SCN grafts, that as a rule make very few connections with the

host brain, restore both the circadian temperature rhythm and the

sleep/wake cycle in rats with SCN lesions (Edgar et al., 1992). These

data are consistent with the claim that the SCN provides circadian

control of the VLPO via a diffusible signal (however, see Stephan and

Nunez, 1977). If that is the case, then elimination of any direct or

multisynaptic neuronal projections from the SCN to the VLPO should

not seriously diminish the rhythmic expression of Fos in the VLPO.

Also, it is expected that SCN lesions will eliminate the VLPO rhythm

in Fos expression, and that SCN transplants - even if encapsulated -
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should restore the rhythm of Fos expression as well as the rhythmic

display of sleep.

Roles of the midline and intralaminar thalamus in the

modulation of the sleep/wake cycle. In rats, Fos expression in the

CMT and PVT increases during the active phase (Experiment 1). The

similarity between the daily profiles of Fos expression in the PVT

and CMT implies that these two thalamic regions may serve a similar

function in modulating daily arousal. The PVT is a rather large

thalamic nucleus located between the ventral-most portion of the

third ventricle and the medial intralaminar nuclei of the thalamus.

With respect to Fos expression, the midline (e.g., PVT) and

intralaminar nuclei (e.g., CMT) appear to form a continuous group of

cells (see Figure 3); the daily patterns of Fos expression were similar

in the two nuclei, and were consistently positively correlated

(Experiments 1 and 5). Additionally, the PVT and intralaminar

nuclei are often activated under the same conditions, such as during

stress induced by exposure to noxious chemicals, immobilization,

forced swimming, restraint, or pain (Cullinan et al., 1995; Duncan et

al., 1996; Senba et al., 1993). Therefore, some observations support

the idea that these two nuclei form a single functional complex.

The conjecture that the PVT and intralaminar nuclei are part of

a unitary midline thalamic system is at odds with data concerning
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their projections and the developmental pattern of the thalamus.

First, the PVT, but not the CMT, is considered part of the

epithalamus, due to its embryologic origin (Jones, 1985). Second, the

anatomical connections of the PVT and intralaminar nuclei differ

markedly (Jones, 1985). The PVT receives projections from the

hypothalamus, Rt, preoptic area, amygdala, PAG, LC, nucleus of the

solitary tract, raphe nuclei, as well as dopaminergic, adrenergic, and

medullary cholinergic nuclei (Cornwall and Phillipson, 1988; Otake

and Ruggiero, 1995; Otake et al., 1995; Phillipson and Bohn, 1994;

Takada et al., 1990, present studies). The PVT in turn sends axons

primarily to the NAC, central amygdala, hypothalamus, hippocampus,

and limbic cortical areas (Freedman and Cassell, 1994; Su and

Bentivoglio, 1990; Wright and Groenewegen, 1995). In sharp

contrast with the pattern of PVT connections, the intralaminar nuclei

(which include the CMT) contain cells which relay information from

the MRF to the cerebral cortex, as well as cells that receive

projections from the cortex and send axons to the striatum (Berendse

and Groenewegen, 1991; Glenn and Steriade, 1982; Jones and Laevitt,

1974; Ropert and Steriade, 1981; Steriade and Glenn, 1982). Further,

the SCN has reciprocal connections with the PVT but not the CMT

(present studies, Dai et al., 1998; Moga et al., 1995; Watts et al.,

1987). The only common input to the PVT and intralaminar nuclei is
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the parabrachial nucleus (Bester et al., 1997; Cornwall and Phillipson,

1988; Jones, 1985) and possibly the nucleus cuneiformis (Edwards

and de Olmos, 1976; but see Cornwall and Phillipson, 1988; Otake and

Ruggiero, 1995).

In a way, the similarity of the activity profiles of the

intralaminar and midline thalamus may seem at odds with the

divergent connection patterns of these two nuclear groups. However,

an analysis of these connections suggests that the PVT and the

intralaminar nuclei may serve separate but complementary functions

with respect to wakefulness in mammals. Increased activity of

intralaminar nuclei is important in wakefulness and vigilance

because these cells relay information to the cerebral cortex and the

dorsal striatum and are important in cortical desynchronization

(Glenn and Steriade, 1982; Jones, 1985; Kinomura et al., 1996). The

PVT may serve a similar role by relaying information relevant to the

vigilance state of the animal to limbic cortex and other “limbic”

structures (i.e., hippocampus and amygdala), as well as to the ventral

striatum (NAC). Like the MRF (which projects to the intralaminar

nuclei), most brain regions projecting heavily to the PVT are also

more active during wakefulness and after arousing stimuli (Aston-

Jones and Bloom, 1981; Beck and Fibiger, 1995; Bester et al., 1997;

Cornwall and Phillipson, 1988; Cullinan et al., 1995; Duncan et al.,
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1996; Glenn and Steriade, 1982; Otake and Ruggiero, 1995; Otake et

al., 1995; Phillipson and Bohn, 1994; Ropert and Steriade, 1981;

Senba et al., 1993; Steriade and Glenn, 1982; Steriade et al., 1982a;

Takada et al., 1990). Consequently, these two groups of thalamic

nuclei (midline and intralaminar), may increase arousal and vigilance

through parallel forebrain circuits.

Activation of the PVT is likely to affect the workings of the SCN

pacemaker. Indeed, the PVT can be considered part of the circadian

system, having reciprocal connections to the SCN as well as receiving

afferent input from the IGL and the retina, both important in

circadian regulation (Moga et al., 1995; Otake et al., 1995; Speh and

Moore, 1992; Watts et al., 1987, present results). Circadian rhythms,

especially the locomotor activity rhythm, can be modulated

(decreased in amplitude) by emotional states including stress (Amir

and Stewart, 1998; Gorka et al., 1996; Meerlo et al., 1997). Because

the PVT projects to the SCN and is affected by stress and fear, this

brain region is well situated to affect SCN neural activity after stress

or arousal.

Interestingly, there are striking similarities with respect to the

origin of the neural inputs to the PVT and the VLPO. As

demonstrated in these and other studies, the following brain regions

project to both the VLPO and PVT in rats: BNST, LS, mPOA, MPA,
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MeA; hypothalamic nuclei including DMH, the SCN or peri—SCN region,

as well as the TMN and SUM; the parabrachial nucleus (PB), VTA, LC

and raphe nuclei (Chou et al., 1998; Cornwall and Phillipson, 1988;

Morin et al., 1994; Otake and Ruggiero, 1995; Otake et al., 1995;

Phillipson and Bohn, 1994; Sherin et al., 1998; Sherin et al., 1996;

Takada et al., 1990; Watts et al., 1987, present results). These

findings further support the idea that the PVT and VLPO are

antagonistic components of a neuronal circuit that modulates sleep

and wakefulness. If this is true, then activity in brain areas that

project to both of these forebrain nuclei would be expected to have

opposite effects on VLPO and PVT neural activity.

Taken together, the activity pattern and neural connections of

the PVT implicate it in at least three aspects of the sleep/wake cycle.

First, the PVT may affect wakefulness via the modulation of the

same circuits as the VLPO. Second, the PVT may relay circadian

signals to areas that control different aspects of wakefulness. For

example, considering its projections to the NAC and its modulation of

DA release there (Jones et al., 1989), the activation of the PVT at

night may increase the salience of rewarding stimuli during the

active phase of the cycle. Third, the PVT inputs to the SCN may

modulate the activity of the SCN based on the arousal state of the

animal.
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The presence of a rhythmic expression of Fos in the brain

regions investigated here suggests that the circadian clock (and/or

the light:dark cycle) modulates activity in these areas. However,

unlike the VLPO, PVT, and TMN, all of which receive at least sparse

input from the SCN, the CMT does not contain terminals from SCN

neurons (Watts et al., 1987). Neither does the CMT receive inputs

from brain regions that may relay circadian signals, such as the

sPVHz or the PVT (Jones, 1985). Therefore, the possible origin of a

rhythm in Fos expression is less clear in the case of the CMT. The

daily rhythm may be a result of the activity of indirect projections

from the SCN to the pontine reticular formation (Mintz et al., 1998).

A second possibility is that the CMT receives input from a diffusible

signal emanating from the SCN discussed above (Lehman et al., 1995;

Silver et al., 1996).

Neural Activity in the Brain pf Nocturnal and Diurnal deents.

One important contribution of these studies was the

identification of a sleep-active region in the preoptic area of a

diurnal species, A. niloticus. In this region, Fos expression increased

during times of the night associated with the display of behavioral

correlates of sleep in this diurnal rodent (Experiments 3, 4 and 5). In

sharp contrast, VLPO Fos expression was low at night in the
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nocturnal laboratory rat (Experiment 1). In general, five alternative

explanations may account for the species difference in the phase of

the rhythm in VLPO neuronal activity, and these alternatives are not

necessarily mutually exclusive. First, the circadian signal from the

SCN may differ between species (e.g., excitatory in one case and

inhibitory in the other). Second, the signal may be the same but

emitted at a different phase in nocturnal and diurnal animals. Third,

the same signal may be interpreted differently by effector systems

that control the overt expression of behavioral rhythms in these two

species. Fourth, brain regions that serve as relays of SCN outputs,

such as the sPVHz, may alter outgoing SCN signals in a species-

specific fashion. In all these cases, the circadian signal from the SCN

may be axonal, humoral, or both. Fifth, since all the rhythms in Fos

expression were detected in animals housed under a light:dark cycle,

the differences may be due to how the SCN or other brain regions are

affected by light. The species difference in the VLPO serves as a

good example of how circadian modulation of brain areas important

in the control of sleep differs between diurnal and nocturnal species.

Future work focusing on this brain area will serve to evaluate the

possible interpretations of the data presented here.

The proposal that regions of the brain that serve to relay SCN

signals function differently in diurnal and nocturnal species has
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received some support. Specifically, species differences in the

pattern of neural activity seen in the region of the sPVHz just outside

the SCN have been reported. For example, the phases of rhythms in

multiple unit activity (MUA) recorded from inside the SCN were

different from the phases of rhythms recorded just outside the

nucleus in rats (Inouye and Kawamura, 1979). In diurnal

chipmunks, however, the phase of the neuronal activity rhythms was

the same inside and outside the SCN (Sato and Kawamura, 1984a).

Therefore, the activity patterns of neurons outside the SCN are out of

phase with those of the SCN in nocturnal animals, but in phase with

the display of behavioral activity. This supports the notion that the

activity of an extra-SCN brain region such as the sPVHz may alter

outgoing circadian signals from the SCN and therefore affect a

species’ activity pattern. Since some neurons of the sPVHz project to

the VLPO (Experiment 2), this mechanism may be responsible for the

species differences in VLPO Fos expression made evident by the

results of Experiments 1, 4, and 5.

Recent data on the patterns of Fos expression in the SCN and

sPVHz in rats and Arvicanthis support the likelihood of the sPVHZ

modifying circadian signals originating from the SCN (Nunez et al., in

press). Although the rhythms in Fos expression in the SCN were

similar between the two species, both showing peaks in the early
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morning, the pattern seen in the sPVHz differed between species.

Specifically, whereas the rhythmic Fos expression in the rat sPVHz

resembled the SCN rhythm (namely, high in the early light phase and

decreasing throughout the day and into the night), the Arvicanthis

sPVHz showed a second peak in Fos expression in the middle of the

dark period (ZT 17). Although this species difference in rhythmic Fos

expression supports the proposition that the sPVHz may function as a

modulator of outgoing circadian signals, the specific features of the

rhythm do not correspond with those predicted from the results of

electrophysiological studies (Inouye and Kawamura, 1979; Kurumiya

and Kawamura, 1988; Sato and Kawamura, 1984a). From the data of

MUA studies, the expectation was to see an increase in Fos

expression in the sPVHz at night in the rats, not Arvicanthis, in order

for it to correspond with rats’ nocturnal display of activity (i.e., out of

phase with peak SCN activity). The conclusion drawn from these

data is that the sPVHz is not a simple “switch” where a change in

neural activity can make an animal diurnal or nocturnal. Regardless,

the species differences in sPVHz activity seem to contribute to the

expression of either a diurnal or nocturnal behavioral pattern.

The species difference in the PVT Fos expresion pattern was

not as notable as the difference found in the VLPO, with PVT Fos

decreasing after the initial peak at lights-on (ZT 0.5) in Arvicanthis,
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but high at both ZT 1 and ZT 17 in rats. Further, a significant rhythm

was found in the CMT but not the TMN in rats, with the opposite

being true for Arvicanthis. However, similar to the rat, the number

of Fos+ cells in the PVT and CMT were positively correlated in grass

rats (Experiments 1 and 5). Therefore, the PVT and CMT are likely to

serve similar roles in wakefulness in the Arvicanthis, just as in the

rat. Namely, these two thalamic regions most likely support

wakefulness in both species through different but parallel arousal

circuits.

For A. niloticus, the patterns of Fos expression seen in the PVT

need to be evaluated taking into account the pattern of Fos

expression seen in other regions that support wakefulness, such as

the VTM. In Arvicanthis, Fos expression in the VTM remained high

throughout the light phase and decreased in the middle of the dark

phase (when VLPO Fos expression was high). Moreover, Fos

expression within histamine-containing cells in the VTM of A.

niloticus peaked at the light:dark transitions, when this species

shows increased activity and little sleep. In rats, no significant

rhythms in Fos expression were seen in brain regions rich in

histamine. These results suggest that histamine may contribute

more to daily arousal in diurnal Nile grass rats than in nocturnal rats.

Indeed, the shift to diurnality may have involved more than just an
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alteration of the circadian signal to SCN targets. Animals may have

rhythmicity imposed through the combination of different

components of wakefulness, or different arousal systems, and the

strength of these components may differ between species. If, in fact,

the histaminergic arousal system contributes more to the circadian

rhythm of wakefulness in A. niloticus, then antihistamines are likely

to decrease wakefulness more in the active period of Arvicanthis

than rats.

Whereas activation of histaminergic systems may contribute to

behavioral activation at dawn and dusk, neural activity in the PVT of

A. niloticus was only elevated in association with the morning

activity peak. If neural activity in the PVT contributes more to the

morning activity peak compared to the evening activity peak in

Arvicanthis, then one would predict that motivationally significant

stimuli (i.e., food, sucrose, mates, drugs) would have more reward

value when presented in the early light compared to the early dark

period in Nile grass rats. Interestingly, most mating takes place in

the period just before lights-on in Arvicanthis (McElhinny et al.,

1997), corresponding to their peak in PVT Fos expression

(Experiment 5). To my knowledge, the idea that separate arousal

systems have differential contributions to wakefulness in nocturnal

and diurnal animals is new and therefore untested.
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In summary, these studies have identified a group of

structures in the brain where activity patterns correspond to

different components of the sleep/wake cycle of rodents. Further,

the activity patterns in many of these brain regions differ between

nocturnal and diurnal rodents as predicted from their respective

sleep/wake patterns. Species differences in the timing of

wakefulness may reflect differences in how the circadian pacemaker

interacts with areas of the brain that differentially support

wakefulness and sleep. The results also indicate that differences in

retinal projections may also influence the display of sleep and

wakefulness across the day-night cycle. Finally, it seems likely that

different aspects of wakefulness are mediated by different brain

circuits that also show species-specific features.
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APPENDIX: Notes on Methods

The immediate-early gene c-fos and its product (Fos) have

been used as indicators of neuronal cell activation (Sagar et al.,

1988). Fos is a transcription factor that dimerizes with Jun and binds

to the AP-l promoter site to initiate gene transcription (Morgan and

Curran, 1991). Many (but not all) neurons increase cellular Fos

protein levels when they are activated. For example, neurons in the

ventrolateral SCN increase levels of Fos when an animal is exposed to

light at particular times of the day (Rea, 1992). The level of Fos

protein peaks over 1 hr after c-fos mRNA levels are highest

(Schwartz et al., 1994), indicating that increases in Fos expression can

be used as an index of neuronal activity occurring in the preceding

hour. Fos can also be localized to specific cell populations. For

example, in the rat SCN, neurons immunopositive for gastrin

releasing peptide (GRP) are preferentially activated, as indexed by

Fos immunoreactivity, after light stimulation (Earnest et al., 1993;

Earnest and Olschowka, 1993). In summary, localization of neurons

expressing Fos can provide a great deal of information on the

activation of specific neuronal groups under different environmental

conditions.
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Neuronal tract tracing is a common method used to describe

the connectivity of brain regions. One commonly used retrograde

tracer is horseradish peroxidase (HRP). More recently, the [3 subunit

of cholera toxin (CTB), either alone or conjugated to HRP, has been

used as a retrograde tracer (Trojanowski et al., 1981; Wan et al.,

1982). Unlike free HRP, CTB uptake by the neuron does not depend

on neuronal activity (Dumas et al., 1979). Second, conjugates of HRP

with CTB substantially increase the sensitivity of labeling: labeling

using the conjugate was not dependent on the amount of the

conjugate used, unlike unconjugated HRP, and therefore a smaller

volume of tracer was needed when the CTB-HRP conjugate was used.

Both of these differences appear to be due to the different

mechanisms employed by the tracers (free HRP vs. CTB). Cholera

toxin binds to oligosaccharide “receptors” on the membrane surface,

whereas HRP is internalized by fluid phase endocytosis at the

terminal (Wan et al., 1982). Due to this, labeling using CTB does not

appear to backfill cells in the same manner as HRP. Regardless, CTB

appears to be the superior neuronal tract tracer, and is used in the

experiments described in this dissertation.
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