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INTRODUCTION

The alternation between waking and sleep is a striking, global change of state
that occurs every day in all vertebrates. Although there is hardly any behavioral
or physiological parameter that is unaffected by this transition, the search for the
functions as well as for the mechanisms of sleep has converged onto the brain and
onto specific brain structures (see 43). Based on a broad review of the available
evidence, Moruzzi hypothesized in 1972 (73) that “[...] sleep concerns primarily
not the whole cerebrum, nor even the entire neocortex. but only those neurons or
synapses. and possibly glia cells, which during wakefulness are responsible for. or
related to, the brain functions concerned with conscious behavior; [...] sleep
recovery would be responsible for the stability of the physicochemical properties
of those brain structures that are affected by, or contribute to, the plastic changes
occuwrring during the waking state™,

Moruzzi's own work on the ascending activating system (reviewed in 73) and
that of many other researchers in the following years (reviewed in 107) have
characterized neural structures and mechanisms that are responsible for moedifying
the “tonus™ of neurophysiological activity in widespread brain regions. The firing
of such “ascending activating systems™ has thus been implicated in deterrnining
both tonic and phasic changes in neuronal activation across the sleep-waking
cycle. Such changes have clear implications for the ability of the organism to
orient and respond to stimuli during different states ol wakefulness and sleep.

To this date, on the other hand. far less evidence has accumulated to support
Moruzzi’s hypothesis that sleep might be important for the recovery of physicochemical
properties of brain structures that are implicated in plastic changes. The present
paper explores the possibility that a better understanding of the functional consequences
of sleep may be obtained by extending the notion of electrophysiologic activation
to the realm of gene expression. [t is suggested that. in the transition between
waking and sleep there is. in conjunction with a widespread change in neuronal
firing patterns. a widespread change in patterns of gene expression in the brain. It
is then hypothesized that ascending activating systems subserve the diffuse, tonic
and phasic activation of both neuronal responses and of gene expression. Finally,
it is suggested that changes in gene expression may represent a key functional
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consequence of sleep, especially with respect to brain mechanisms of synaptic
plasticity Some of these suggestions are supported by experimental results, others
are still speculative but, as will be briefly discussed, they can be addressed
experimentally.

. The sleep-waking cycle and newral activity.

One of the most significant events in the study of sleep was the discovery that
brain activity does not switch off during sleep (29. 105). contrary to what had been
a common belief for a long time (27, 80, 99). Since then, a large number of studies
has demonstrated that, in most of the brain areas examined, average firing rates of
neurons do not differ conspicuously between sleep and wakefulness (see e.g. 107).
On the other hand, especially during slow-wave sleep, patterns of activity may be
quite different than during wakefulness, as exemplified by the transition from low-
voltage fast-activity rhythms (“desynchronization™) to high-voltage slow-activity
rhythms (“synchronjzation™). The consequences of such different patterns of activity
are striking: most notably, extemal signals are not transmitted far into the brain
(see e.g. 85a, 107), and they are not incorporated into ongoing, intrinsic patterns
of brain activity (e.g. 62). As a result. the brain is relatively isolated from the
external world.

1. Activating systeins.

The demonstration of major changes in patterns of neural activity at the transition
between sleep and waking prompted the search for the underlying neural mechanisms.
The notion of an ascending reticular activating system was put forth in 1949 by
Moruzzi and Magoun (71), following their discovery that electrical stimulation of
brainstem reticular formation resulted in the replacement of high amplitude slow
waves by low amplitude fast waves. This switch from slow synchronization to
desynchronization they called “activation™. The concept of brain activation implied
a diffuse and tonic readiness to respond on behalf of cortical circuits, which would
subserve alert consciousness and behavioral arousal.

Since then, the notion of an activating system has been substantiated by lesion
and recording experiments. Specific groups of neurons in the brainstem show tonic
changes in activity several seconds before the transition from sleep to waking and
vice versa, consistent with their role in cerebral activation (refs. in 106, 107). The
attempt to more precisely identify the ascending activating system has led to the
recognition of at least five neurotransmitter-specific cell groups that may be part
of it: cholinergic neurons in the basal forebrain and in the dorsal pontine tegmentum
(laterodorsal and pedunculopontine nuclei): noradrenergic neurons in the locus
coeruleus: serotoninergic neurons in the raphe dorsalis; dopaminergic neurons in
the substrantia nigra and ventral tegmental area: and histaminergic neurons in the
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tuberomammillary hypothalamus. Other cell groups. especially in the mesencephalic
reticular formation, which are as yet not identified neurochemically, will probably
have to be added to this list.

Many studies have clarified the cellular basis for such an activating influence.
Several of these systems. for instance, are able to alter the activity and excitability
of cortical and thalamic cells by blocking 4 K* conductance which is active at rest
and keeps these neurons hyperpolarized into a burst firing mode, as well as by
shifting the voltage-dependence of the hyperpolarization activated cation current
[, (refs in 63, 64). Although several other mechanisms are also involved, the
overall result is that of switching thalamic and cortical neurons from a hyperpolarized,
burst mode of firing, in which they are relatively impervious to external signals,
to a more depolarized. tonic mode, in which the transmission of external signals
becomes more reliable (reviewed in 63. 64).

Despite these advances at the cellular level, several issues remain open. For
example, REM sleep is not easily placed within this framework, since it is associated
with cortical activation and with behavioral sleep (48). In addition, lesion and
pharmacological experiments suggest that the ascending activating system cannot
be identified with any one of the neurochemical systems mentioned above in
isolation (47). A relatively clear distinction can be made between tonic and phasic
patterns of firing of these systems. However, the cellular or system consequences
of these two modes of firing are not yet clear. Finally, it has been suggested that
the transition between sleep and waking may be primarily a local rather than a
global phenomenon (54). Irrespective of these open issues. the discovery that an
increase in firing of at least some of these systems plays a causal role in the
transition between synchronized states of sleep and desynchronized waking remains
one of the unifying foundations of integrative physiology.

L. The sleep-waking cvele and gene expression.

It has recently become clear that neuronal responses to changes in their environment
include a variety of mechanisms spanning a period of time much longer than the
changes in neuronal firing revealed by classical neurophysiological approaches.
Second messenger systems activate protein kinases that phosphorylate specific
proteins. Phosphorylation patterns are tightly controlled by a system of phosphatases,
giving rise to a dynamic equilibrium which is not unlike the one between excitatory
and inhibitory interactions. Changes in second messengers and in phosphorylation
patterns can extend from tens of milliseconds to minutes and can influence both
neuronal excitability and the subsequent activation of genes. The activation or
deactivation of the expression of specific genes can occur in a matter of hours, and
in some cases in a matter of minutes, through the action of transcription factors
molecules that are able to bind to specific regulatory segments of DNA.

Considering the typical duration of sleep-waking states and the time constants
of their regulation, it is plausible that cellular events of the kind described above
may be subject to significant modulations in the course of wuking and sleep.
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However, whereas the notion that firing patterns change in the brajn during
different sleep-waking states is well established. the possibility that gene expression
may also be subject to widespread and systematic alterations in the context of
physiological sleep and wakefulness has rarely been considered (see, however, 35.
49). A few studies examined gverall changes in RNA content (79) or synthesis (33,
34, 117y as well as overall changes in protein synthesis (13, 15, 74, 89, 98). More
recent studies have investigated changes in the expression of specific genes after
relatively long periods of total sleep deprivation (55) or after selective deprivation
of REM sleep (86). Only ane study (92) has attempted to look systematically at
mRNA expression after 24h of sleep deprivation, with an emphasis on the homeostatic
mechanisms of sleep.

L. fmmediate early genes. - We have recently started a systematic investigation
of changes in gene expression in the brain during sleep-waking states. Initially, we
have examined the expression and distribution of immediate early genes (1EGs)
such as c-fos and NGFI-A. These encode for a particular class of transcription
factors that are induced by many extracellular stimuli and that need first to be
transcribed and translated themselves, before they can affect the expression of
other genes. Thus, IEGs are typically the first genes to be turned on or off in the
chain of events that leads to changes in the expression of other genes. Their protein
products have specific DNA binding domains (such as AP-1/TRE binding sites or
zinc fingers) by which they act as nuclear “third messengers™. For instance, the Fos
(Fos, Fos-B(Long), Fos-B{(Short), Fra-1, and Fra-2) and Jun (Jun. Jun-B, and Jun-
D) transcription factors form hetero- (fos-jun) or homo-dimers (Jun-jun) with a
unique ability to affect the expression of target genes. 1t should be noted that IEGs
have generally been considered an indirect but convenient markers of neuronal
activation. For instance. the mapping of IEGs e¢xpression has been used to identify
at the cellular level specific cell groups thought to be concerned with the regulation
of sleep (68, 69, 101, 102, 120, 121). On the other hand, the use of antisense
oligonucleotides targeted at 1EGs indicates that IEGs can act as transcription
factors in vivo and produce functional and behavioral consequences (22). In our
studies, the underlying hypothesis was thus that the activation or deactivation of
IEGs during the sleep-waking cycle might be an early event heralding and possibly
triggering specific changes in the pattern of expression of other genes in many
brain regions, including the cerebral cortex and the hippocampus (20, 21, 22, 82,
83. 84, 112).

The results of these and other studies have demonstrated that mRNA and protein
levels of c-fos and NGFI-A are dramatically modulated by sleep and wakefulness
(20,21,22, 36,78, 82, 83, 112). For instance, a series of experiments has examined
the expression of IEGs over the entire rat brain under conditions of spontaneous
sleep and waking. A group of rats (S-L) was sacrificed during the light hours at
the end of a long period of sleep. A second group (W-L) was sacrificed under
similar conditions, except that during the last half hour the animals had been
spontancously awake. A third group (W-D) was sacrificed during the dark hours
after a long period of continuous wakefulness. In site hybridization and
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immunocytochemistry were employed to assess mRNA and protein levels. It was
found that c-fos and NGFI-A expression in several brain areas was increased in W-
I. and more markedly in W-D rats with respect to S-L rats. These areas included
cerebral cortex, caudate-putamen and neighbouring areas, hippocampal formation,
medial and lateral preoptic areas, some thalamic nuclei and. in the brainstem. superior
and inferior colliculi, central gray, dorsal raphe, cuneiform nucleus. locus coeruleus,
parabrachial nucleus and pontine nuclei. Especially in W-D rats, there was an increase
in both mRNA and protein levels for both ¢-fos and NGFI-A. An example of such
modulation of IEGs expression during spontaneous sleep and wakefulness is shown
in Fig. 1. A parallel series of studies has indicated that after a few hours of sleep
deprivation during the light hours, induced by gentle handling in order to minimize
stress, patterns of [EGs expression were remarkably similar to those observed after
spontancous wakefulness (21, 82), suggesting that such patterns are associated with
waking per se, rather than with circadian or other factors.

The modulation of the expression of certain IEGs during physiological sleep and
waking becomes particularly interesting when considering the abundant evidence
that IEGs are among the genes most clearly associated with a role in long-term
changes in synaptic efficacy. For instance, several paradigms that induce long-
term potentiation (LTP) in the hippocampus in awake animals also induce the
expression of Fra proteins, of mRNAs and proteins in the jun family, and of NGFI-
A mRNA and Krox-20 and Krox-24 proteins (50, 51). Note that, in anesthetized
animals, induction of L'TP is less effective and. correspondingly, the induction of
IEGs is less marked, except for NGFI-A mRNA. NGFI-A and Krox-20 are the
IEGs that seem to be more closely correlated with LTP in the hippocampus (1,
119). Several learning paradigms, including discrimination leaming (111), olfactory
leaming (14), escape tasks (18), two-way passive avoidance (76, 77) in rats. bar-
pressing tasks in mice (41); discrimination learning (3). one-trial passive avoidance
(4, 93), exposure to rich enviroments (4) in chicks, and exposure to specific song
patterns in birds (67) have been associated with changes in the expression of one
or the other class of IEGs. In Aplysia. it has been shown that the binding to DNA
of the protein product of an IEG (CA\EBP) is required for serotonin to induce long-
term facilitation in synaptic responses (2).

2. Late genes. - The finding of a dramatic change in the expression of IEGs
during the transition from sleep to waking opens the possibility that other, late
genes may be in turn activated or deactivated in an orchestrated way. Several
potential target genes of IEGs have been proposed. such as prodynorphin, tyrosine
hydroxylase, nerve growth factor, thyrotropin-releasing hormone and cholecystokinin
(46). At present, possible variations in the expression of these genes during the
physiological sleep-waking cycle have not been investigated. It is known, however,
that tyrosine hydroxylase mRNA levels increase after 24h of sleep deprivation
(86). There is also some initial evidence that the expression of a few other genes
may also be modulated in relation to sleep and wakefulness (e.g. refs. 75, 84, 87,
114). Neuner-Iehle et af. (75) showed that both the mRNA and the protein levels
of neurogranin are altered after 24 hours of sleep deprivation. It has been suggested
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Fig. 1 - Changes in NGFI-A mRNA expression during spontaneous sleep and wakefulness.

The distribution of NGFI-A mRNA is shown for S-L., W-L and W-D animals in corresponding brain
sections. S-L rats were sacrificed during the light hours at the end of a long period of sleep. W-L rats
were sacrificed under similar conditions, except that during the last half hour the animals had been
spontancously awake. W-D rats were sacrificed during the dark hours after a long peniod of continuous
wakefulness. CAl, field CAT of Ammon’s horn; Oce, occipital cortex; PRh, perirhinal cortex: Te,
temporal cortex. Bar is 2 mm.
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that neurogranin may be part both of the Ca'/calmodulin and of the protein kinase
C signal pathways. Neurogranin has been shown to localize in dendritic spines and
it has been proposed that it may be implicated in synaptic function (53).

In a study by Pompeiano ef al. (84), it has been demonstrated that mRNA levels
of Ca**/calmodulin-dependent protein kinase II (CaMKII) are also regulated by
sleep and wakefulness. CaMKII is the principal protein of the postsynaptic density,
strategically positioned to sense Ca™ influx and to phosphorylate synaptic channels.
It has been assocjated with physiological and behavioral plasticity in both vertebrates
and invertebrates (refs in 103). This kinase is necessary for the induction of LTP
in the rat hippocampus. Knockoul mice lacking the o subunit of this kinase were
deficient in L'TP and in some learning paradigms. It has also been shown that
CaMKII ¢ mRNA undergoes rapid changes in activity-dependent conditions (8.
16, 40). Given the invelvement of CaMKII in LTP, kindling, and learning, the
observation of changes in its expression in specific brain areas during spentaneous
and forced waking suggests potential differences in synaptic functioning during
different arousal states.

Despite these positive results, determining the validity of the above-mentioned
hypothesis will ultimately require systematic attempts at detecting differences in
gene expression across physiological sleep-waking states. Recent studies in our
laboratory employing reverse transcription mRNA differential display (60) aim at
the simultaneous and near-exhaustive comparison of patterns ol gene expression
across multiple sleep-waking conditions and multiple individuals. This approach
should make it possible to determine whether there are characteristic constellations
or “complexes”™ of genes expressed specifically during wakefulness or during
sleep, respectively, to describe the time course of such expression. and to examine
whether such complexes may have a meaningful functional counterpart.

IV. Value systems.

The occurrence of marked and diffuse changes in the expression ol IEGs and other
genes during the sleep-waking cycle, raises the question of what are the mechanisms
involved. As for the transition between sleep and waking at the electrophysiological
level, it is possible to consider both local mechanisms and diffuse humoral or neural
factors. Local factors, such as the different dynamics of Ca** entrance into cells during
slow. synchronized activity vs fast, desynchronized activity may have far-ranging
consequences on many cellular processes. including gene transcription. Theoretical
reasons suggest however that, at least during waking, there should be mechanisms
capable of coordinating changes in activity/excitability as well as in gene expression
simultaneoulsy over many cortical areas. Just as it is essential that the entire brain be
activated during an orienting reaction in order more efficiently to respond to salient
signals, so it is important that changes in gene expression, ultimately leading to
modifications of synaptic efficacy and to forms of long-term memory, be diffusely and
synchronously enabled in all the relevant brain areas.

We suggest the hypothesis that certain neurochemical systems with diffuse
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projections that had previously been considered as substrates for electrophysiological
activation during the sleep-waking cycle may act to coordinate not only changes
in activity and excitability but also changes in gene expression and possibly in
synaptic plasticity. Neuromodulatory systems with diffuse projections capable of
signaling events of evolutionary significance to vast regions of the brain have been
called “value systems™ or “saliency systems”™ (32, 90, 113) with reference to the
notion of value introduced by Gerald Edelman (28) in an attempt to understand
brain functioning from a selectionist perspective. According to this perspective,
evolution has provided organisms with several means to sense and signal to the
entire brain the occurrence of behaviors having adaptive value and thereby to
modulate changes in neural activity and plasticity so that the o¢rganism may
appropriately adapt to them. In synthesis, the key characteristic of value systems
is that of allowing salient events on a global or organismic scale to affect local
changes in neuronal activity or plasticity. More specifically, value systems are
defined as local groups of neurons that: i) have diffuse projections: i1) display tonic
firing that may correlate with long-lasting behavioral states; iii) display phasic
firing which is triggered by salient intrinsic or extrinsic events, at [irst innately,
then via acquired connections; iv) diffusely release neuromodulatory substances,
by which they v) globally affect neural activity and excitability, both tonically and
phasically; vi) globally affect plasticity, both tonically and phasically: vii) different
combinations of value systems may be activated under different conditions and
may have differential effects on the activity and plasticity of target cells. While
this is not the place to discuss and document these various properties of value
systems, the available evidence shows that this definition applies well to diffuse
projections systems capable of releasing neuromodulatory substances. in particular
to the cholinergic, noradrenergic, serotoninergic, and histaminergic systems. In the
present context, it should be underlined that one of the most clearly documented
aspects of the physiology of most of these systems is the marked and sustained
change in their mean firing rate in the transition between waking and sleep
(noradrenergic system: 6, 19, 31, 42, 95; cholinergic system: 26, 94, 95, 96, 106,
109, 110; serotoninergic system: 66, 88, 115: histaminergic system: 91 .116).
What is the experimental support lor the hypothesis that changes in the activity
of such systems during the sleep-waking cycle may be responsible for changes
both in neural activity/excitability and in gene expression? As we have seen above,
the evidence that the levels of several neuromodulators influences the activity and
excitability of neurons is by now quite convincing. Experiments directly addressing
the role of neuromodulatory systems with diffuse projections with respect 1o
changes in gene expression during waking and sleep will certainly be required to
support the present hypothesis. Some circumstantial evidence has been accumulating,
however, indicating that the transcription and translation of certain genes depends
upon the Jevel of acetylcholine, noradrenaline, and serotonin. Neuropeptides and
nitric oxide, which can be co-released with these substances. may also play potent
and specific roles in regulating gene expression. Much of this evidence concerns
the influence of neuromodulators on the expression of IEGs. For instance, several
studies have demonstrated that the administration of cholinergic antagonists re-
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duce the basal or experimentally induced expression of IEGs in the brain. Pirenzepine,
a muscarinic antagonist acting on M1 receptors linked to phosphatidyl inositol
biphosphate hydrolysis and activation of protein kinase C, abolishes Fos induction
in the brain (43). More generally, muscarinic agonists induce a complex pattem of
[EGs expression in the brain and muscarinic antagonists prevent it (44, 45). Recent
studies have also indicated that the level of activity of noradrenergic locus coeruleus
cells may be important for IEGs expression in many brain areas. The injection of
the a,-adrenergic antagonist yohimbine increases c-fos immunoreactivity in the rat
cerebral cortex (11, 39). After local unilateral infusion of the neurotoxin 6-
hydroxydopamine into the locus coeruleus, c-fos induction by yohimbine or stress
is strongly reduced in the ipsilateral but not contralateral frontal. cingulate, and
piriform cortices, suggesting that c-fos can be involved in the effects of noradrenergic
transmission in the nervous system (108). In addition, it has been shown that high
basal expression of NGFI-A in the cortex requires not only a degree of sensory
stimulation but also the presence of a noradrenergic tone (9). Finally, several direct
or indirect agonists of serotonin promote the expression of Fos protein in various
brain areas (58, 59). Conversely, serotonin antagonists (57) or lesion of the
serotoninergic system (10) prevent such effects. It should be kept in mind that the
combination of different receptors activated, or the degree of activation of the
same receptor, can influence which IEGs are expressed. For instance, a low level
of activation of NMDA receptors is sufficient to induce Krox-24 in the hippocampus,
while higher levels are required by other TEGs. Thus. it is plausible that specific
patterns in the expression of IEGs. and consequently of late genes, may be triggered
by different combinations or amounts of neuromodulators released. This is significant
in view of the different combinations of neuromodulators relased during waking,
nonREM sleep, and REM sleep. and of the different levels of neuromodulators
released during tonic vs phasic firing.

V. Gene expression, plasticity, and the functional consequences of sleep.

Above, we have briefly summarized some evidence supporting the following
propositions: 1) the expression of 1EGs. and possibly ol other genes, changes
dramatically between waking and sleep: ii) the activity of neuromodulatory systems
with diffuse projections also changes dramatically between waking and sleep; 1ii)
the activity of these systems influences the expression of IEGs and possibly of
other genes. On the basis of this evidence. the hypothesis has been proposed here,
that the activity of these systems controls the changes in gene expression occurring
during the sleep-waking cycle. The effects of neuromodulatory systems on gene
expression should also be considered in the light of further evidence indicating that
iv) the activation of these systems is important for the occurrence of plastic
phenomena during development, in the adult. and in several experimental preparations.
For instance, neuromodulators such as acetylcholine, noradrenaline, serotonin,
dopamine. and histamine influence the induction of LTP both in slices of the
hippocampus and of the cortex (refs. in 5. 17). fn vivo approaches (70, 97, 118)
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have led to the conclusions that sufficient levels of certain neuromodulators are
needed for physiological and behavioral plasticity to occur in the adult animal.
Several lines of evidence, summarized in (65) show that pharmacological agents
interfering with their action may impair learning and memory. Finally, the intactness
of the cholinergic (7, 37), noradrenergic (7, 52, 100), and serotoninergic (38)
system is essential for developmental plasticity. e.g. for ocular dominance formation.

Considered together. propositions 1) to iv) suggest the further hypothesis that
changes in gene expression, due to changes in the activity of neuromodulatory
systems occurring in relation to waking and sleep, may be of great importance for
plastic phenomena. In view of this hypothesis, it seems particularly significant that
the genes that have already been shown to be modulated by physiological sleep and
waking. i.e. [EGs such as NGFI-A (83) and late genes such as those coding for
CaMKII (84), are among the clearest candidates for a role in long-term changes in
synaptic efficacy.

If well orchestrated changes in the expression of genes related to synaptic
plasticity take place in the transition between waking and sleep, the nature of these
changes might lend a sounder molecular basis to longstanding hypotheses about
the functions of sleep. For instance, it has been repeatedly suggested that sleep
(either nonREM sleep or REM sleep) might subserve the consolidation of synaptic
changes occurring during waking (12, 30, 35, 56, 72, 81, 85h, 104). Conversely,
it has been claimed that either nonREM sleep or REM sleep might serve the
selective elimination, erasure, or cleaning, of “memory traces™ (23, 24). It has also
been proposed that sleep might premote the selective stimulation of unused synapses
(54). A different possibility is that changes in gene expression during the sleep-
waking cycle may switch the balance between states favoring an ongoing generation
of diversity in synaptic circuits and states favoring their differential amplification
as a result of selective events. This possibility is consistent with selectional views
of brain function, since the ongoing generation of diversity. providing a rich
repertoire (or selection, is a crucial requisite for any selectional system, be it
evolution, the immune system. or the brain (cf. 28). Hopefully, the identification
of “complexes™ of genes expressed specifically during waketulness or during
sleep, respectively, will offer a molecular signature that might reveal the functional
consequences ol different brain states and thereby offer a clue to their functions.

CONCLUSION

This paper proposes that. in addition to generalized changes in neural activity,
the transition from waking to sleep is accompanied by generalized changes in the
expression of certain genes. It also proposes that such changes may be mediated
largely by changes in the activity of “value systems”, neuromodulatory systems
with diffuse projections that signal salient events. The notion of value systems,
which is based on the concept of value in neural selective processes, encompasses
the original concept of the “activating system™, and extends it to genetic activation.
Finally. it is suggested that changes in gene expression between waking and sleep
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may represent a functionally important consequence of sleep. in line with Moruzzi's
own suggestion that “[...] sleep recovery would be responsible for the stability of
the physicochemical properties of those brain structures that are affected by, or
contribute to, the plastic changes occurring during the waking state™.

At present, some of these suggestions are still speculative and await experimental
testing. Several questions will have to be addressed. Is the activity of neuromodulatory
systems with diffuse projections. which is generally higher during waking than
during sleep, required for changes in gene expression, and possibly synaptic
changes to take place? Is the lower level of activity of many of such systems during
synchronized sleep an indication that gene expression is decreased or rather that
a different pattern of gene expression is triggered? Is the tonic level of activity of
these systems fundamental in order to maintain a tonic level of the expression of
certain genes? Are phasic changes in the activity of these systems essential 1n order
Lo trigger the expression of other genes. or to localize such expression to areas of
intense, correlated activity at the time that salient events are registered? All these
question can and will be addressed experimentally in the near future. If the overall
hypotheses discussed here were to hold true, the notion of brain activation would
acquire a wider meaning and new functional implications.

SUMMARY

Moruzzi pioneered the notion of ascending activating systems that were responsible
for the electrophysiological activation characterizing the transition from sleep to
waking. This paper proposes to extend the notion of electrophysiological activation
to the domain of gene expression. Evidence is reviewed indicating that in the
transition between sleep and waking there is. together with a change in neuronal
firing patterns. a change in patterns of gene expression in widespread regions of
the brain. The hypothesis is presented that changes in the activity of neuromodulatory
systems with diffuse projections may subserve the diffuse, tonic and phasic activation
ol both neuronal responses and of gene expression. Finally, the paper discusses the
possibility that such changes in gene expression may be of importance for plastic
phenomena and for the functional consequences of sleep.

Acknowledgemenrs. - We thank Prof. O. Pompeiano for his invaluable support of this work.

REFERENCES

1. Asratam, W, C., Mason, S. E., DemmeERr, 1., WiLLiams, J. M., Ricnarpson, C. L., Tate,
W. P.. Lawror, P. A, and Dracunow, M. Correlations between immediate early gene
induction and the persistence of long term potentiation. Neuroscience, 56: 717-727,
1993.

2. AeriNg, C. M., Grirarpt, M., MeTz, R. and Kanpir, E. R. C/EBP is an immediate-
early gene required for the consolidation of long-term facilitation in Aplysia. Cell. 76:
1099-1114, 1994,



10.

19.

2.

G. TONONI €. CIRELL]I AND M. POMPEIANG

ANokHin, Ko Voand Rose, S. P, R, Learning-induced increase of immediate early gene

messenger RNA in the chick forebrain. Eur. J. Newrosci., 3: 162-167, 1990,

CANOKHING KL V., MiLeusyic, R, Sunamakina, 1Y, and Rosk, S. P. R. Effects of early

experience on c-fos gene expression in the chick forebrain. Brain Res.. 544: 101-107,

1991.

- ArTOLA, AL and Sincer. WL Long-term depression of excitatory synaptic transmission

and its relashionship o long-term potentiation. Trends Neuwrosci., 16: 480-487, 1993,

- Aston-Jones, G. and Broom., F. E. Activity of norepinephrine-containing locus coeruleus

neurons in behaving rats anticipates fluctuations in the sleep-waking cycle. /. Newrosci.,
1: 876-886. 1981.

. Bear, M. F. and Sivaer, W. Modulation of visual cortical plasticity by acetylcholine

and noradrenaline. Nature, 320: 172-176, 1986.

. Benson, D. L., Isackson, P.J., Garr, C. M. and Jones, E. G. Differential effects of

monocular deprivation on glutamic acid decarboxylase and type [1 calcium-calmodulin-
dependent protein kinase gene expression in the adult monkey visual cortex. J. Neurosci.,
11: 31-47, 1991,

. Buar, R. V. and Baranan, J. M. High basal expression of zif268 in cortex is dependent

on intact noradrenergic system. Ewr. f. Pharmacol., 227: 447-448, 1992,

Buat, R. V. and Barapan, J. M. Activation of transcription factor genes in striatum by
cocaine: role of both serotonin and dopamine systems. J. Pharmacol. Exp. Ther., 267:
496-505, 1993,

Bing, G., FiLer, D., Mitier, J. C. and Stone, E. A. Noradrenergic activation of
immediate carly genes in rat cerebral cortex. Mol. Brain Res.. 11: 43-46. 1991.

. Brock. V.. Hesngving E. and Leconte, Po Relashionship between paradoxical sleep

and memory processes, Pp. 329-343. In: Brazier, M. A. B.(Ed.). Brain Mechanisms in
Memaory and Learning: From Single Newron to Man. New York, Raven Press. 1979,

. Bopiiier, P., Sakat, F.. Secuis, Foand Jouver, M. The effect of sleep deprivation upon

the in vive incorporation of tritiated amino acids into brain proteins in the rat at three
different age levels. J. Neuwrochenm.. 22: 23-31. 1974,

. Brennan, P. A, Hancock, D. and Keverne, E. B. The expression of the immediate-

early genes ¢-fos, egr-1 and ¢-jun in the accessory olfactory bulb during the formation
of an olfactory memory in mice. Neuroscience, 49: 277-284, 1992,

. Bropskin, V., Gusaminski, V. No. Kogan, A, B. and Nectaeva, N. V. Modifications of

incorporation ol [3H]leucine during slow wave sleep and REM sleep in the cerebral
cortex of the cat. Dokl. Akad. Nauk. SSSR., 215: 748-750, 1974,

. BronsTEIN, J. Mo, Micevyen, P.. Porrer, P, Hugz, G.. Farser, D. B. and WASTERLAIN,

C. G. Long-lasting decreases of type [l calmodulin kinase expression in kindled rat
brains. Brain Res.. 584: 257-260. 1992,

Brown., R. E.. Feporov, N. B.. Haas, H. L. and Revmany, K. G. Histaminergic
modulation of synaptic plasticity in area CAl of rat hippocampal slices. Newropharmacol..
34: 181-190. 1995.

. Castro-ALamancos, M. AL, BorrerL, 1. and Garcia-SeEGura, . M. Performance in an

escape task induces Fos-like immunoreactvity in a specific area of the motor cortex of
the rat. Newroscience, 49: 157-162, 1992,

Cuu, N S.and Broom, Fo E. Activity patterns of catecholamine containing pontine
neurons in the dorso-lateral tegmentum of unrestrained cats. J. Newrobiol., 5: 527-544,
1974,

CirerLLy, C., Pomrriano, M. and Tonont, G. Fos-like immunoreactivity in the rat brain
in spontancous wakefulness and sleep. Arch. fral. Biol.. 131: 327-330, 1993.

. Cirerny, C.. Pompeiano, M. and Tononi, G. Sleep deprivation and ¢-fos expression in

the rat brain. J. Sleep Res.. 4: 92-106. 1995.



d

38

(5%
n

36.

47].

fad
(%)

. CireLet, C., Pomeriano, M. ArriGHl, P. and Toxont, G. Sleep-waking changes afler e-fos

antisense injections in the medial preoptic area. NewuroReporr, 6: 801-805, 1995.

. Crick. F. and Mrrcmson, G. The function of dream sleep. Nature, 304: 111-114, 1983,
. Davis, B. D. Sleep and the maintenance of memory. Persp. Biol, Med., 28: 457-464,

1985,

. DEcker, M. Woand McGauvan, J. L. The role of interactions between the cholinergic

system and other neuromodulatory systems in learning and memory. Svnapse, 7: 151-
168, 1991.

. DETArL L., Junasz, G. and KukoreLey, T. Firing properties of cat basal forebrain neurons

during sleep-waketulness cycle, EEG. Clin. Newrophysiol., 58: 362-368. 1984,

. Eccres, 1. C. Opening remarks. Pp. 1-3. In: Worstennorme, G E. W, and O’ Connor, C.

M. (Eds.). The Nature of Sleep. London, Churchill, 1961,

.Enciman, G. M. Newral Darwinism: the Theory of Neuronal Group Selection. New York,

Basic Books. pp. 371 1987,

cEvarts, E. V. Temporal patterns of discharge of pyramidal tract neurons during sleep and

waking in the monkey. J. Neurophysiol., 27: 152-171, 1964.

Fisupemv, W Kastanions, C.and Cratryan, D. Paradoxical sleep: prolonged augmentation

following learning. Brain Res., 79: 61-75, 1974,

. Foore, S. L., Astox-Jones, G. and Broom, F. E. Impulse activity of locus coeruleus

neurons in awake rats and monkeys is a function of sensory stimulation and arousal. Proc.
Nail. Acad. Sei. USA, 77: 3033-3037, 1980,

. Friston, K, J., Tovoni, G, Reeke, G No, I, Srorss, O., and Epecvan, G, M. Value-

dependent selection in the brain: Simulation in a synthetic neural model. Neuroscience,
59: 229-243, 1994,

Guuprrra, Ao, Runcuano, Bo and Vitate-NeuGeEBaviER, Al Influence of synchronized
sleep on the biosynthesis of RNA in two nuclear classes isolated from rabbit cerebral
cortex. J. Neurochem., 35: 1259-12606. 1980,

- Guiprrta, AL RuniGguiano, Be and Vitave-Nevcesaveer, A. Influence of synchronized

sleep on the biosynthesis of RNA in neuronal and mixed fractions isolated from rabbit
cerebral cortex. J. Newurochem., 35: 1267-1272, 1980.

CGropirra, AL Averosing M. V.. Montaanese, P, Manpice, P., CoTtuano, M., Grassi

Zucconl, G.oand Vesaia, S, The sequential hypothesis of the function of sleep. Behav.
Brain Res., 69: 157-166, 1995,

Grassli-Zuccont, G., MeneGazl, M., CARCERERI DE PRATI, AL, BASSETTI, A., MONTAGNESE,
P.. Manpire, P., Cosi. C. and BenTivodario, M. e-fos mRNA is spontaneously induced
in the rat brain during the activity period of the circadian cycle. Eur. J. Neurosci..
5: 1071-1078. 1993,

. Gu, Q. and Sinager, W. Effects of intracortical infusion of anticholinergic drugs on

neuronal plasticity in kitten visual cortex. Eur. J. Neuwrosci.. 5: 475-485, 1993,

L Gu, Q. and SiNcGeEr, WL Involvemen of serotonin in developmental plasticity of Kitten

visual cortex. Eur. J. Neurosci., 7: 1146-1153, 1995,

. Gupirs, R, M., Smith, T, M., Fairburst, J. Lo and Yu, H. Adrenergic receptors mediate

changes in c-fos mRNA levels in brain. Mol. Brain Res., 6: 39-45, 1989.

. Henopry, SO HL CLand Kesneoy, M. B Immunoreactivity for a calmodulin-dependent

protein kinase is selectively increased in macaque striate cortex after monocular
deprivation. Proc. Natl. Acad. Sci. USA, 83: 1536-1540. 1986.

Heurteaux, C., Messigr, C., Destrape, C. and Lazpunskl, M. Memory processing
and apamin induce immediate carly gene expression in mouse brain. Mol. Brain
Reg., ¥8: 17-22. 1993.

Horson, J. AL McCarrey, R. W, and Wyzinskl, P. W, Sleep cycele oscillation:
reciprocal discharge by two brainstem neuronal groups. Science, 189: 55-58. 1975.



47.

48.

49,

60.

61.

63.

. Horne, J. AL Why we Sleep. The Functions of Sleep in Humans and Other Mammals.

Oxford, Oxford University Press, pp. 318, 1988.

. HuGHEs, P. and Dragurnow, M. Muscarinic receptor-mediated induction of Fos protein

in rat brain. Newrosci. Letr., 150: 122-126, 1993,

. Huches, Poand Dracunow. M. Activation of pirenzepine-sensitive muscarinic receplors

induces a specific pattern of immediate-carly gene expression in rat brain neurons.
Mol. Brain Res.. 24: 166-178, 1994.

. Hugues, P. and Dracunvow, M. Induction of immediate-early genes and the control of

neurotransmitter-regulated gene expression within the nervous system. Pharmacol.
Rev.. 47: 133-178, 1995.

Jones, B. E. Basic mechanisms of sleep-wake states. Pp. 12]-138. In: Krycer, M. H..
Rori, T. and Dement, W. C (Eds.), Principles and Practice of Sleep Medicine.
Philadelphia. Saunders, 1989,

JouveT, M. Recherches sur les structures nerveuses el les mécanismes responsables des
différentes phases du sommeil paradoxal. Arch. ltal. Biol., 100: 125-2006. 1962.
Jouver, M. Le sommeil paradoxal est il responsable d’une programmation génétique
du cerveau? C. R. Soc. Biol. Paris, 172: 9-33. 1978.

. Kaczmarek, L. Expression of ¢-fos and other genes encoding transcription factors in

long-term potentiation. Behiav. Neural. Biof., 37: 263-2606. 1992,

. Kaczmarek, L. Molecular biology of vertebrate learning: is c-fos @ new beginning? J.

Newrosci. Res., 34: 377-381. 1993,

Kasamatsu, T., PErmigrew, J. D. and Ary, M. L.. Restoration of visual cortical
plasticity by local microperfusion of norepinephrine. J. Comp. Neurol., 185: 163-182,
1979,

. Keann, E., Cuen, S.JLand Sweatr, 1. D Mechanism of protein kinase C activation

during the induction and maintenance of long-term potentiation probed using a selective
peptide substrate. Proc. Natl. Acad. Sci. USA, 90: 8337-8341. 1993,

. KrueGer, J. M. and Osar, Jr. F. A neuronal group theory of sleep function. J. Sleep

Res, 2: 63-69, 1993,

. Lanpis, C. A., Coruins, B, 1., Crisss, L. L.. Sukdatme, V. P.. Beromann, B, M. and

RECHTSCHAFFEN, A. Expression of Egr-1 in the brain of sleep-deprived rats. Mol. Brain
Res., 17: 300-306. 1993.

. LeconTE, P. and Hennevin, E. Charactéristiques temporelles de "augmentation de

sommeil paradoxal consécutil a I"apprentissage chez le ral. Physiol. Behav., 11: 677-
686, 1973.

. LEsuie, R. AL, Moorman, 1. M., Courson, A. and Gravame-Smith, D. G. Serotonin,,

receptor activation causes a localized expression of the immediale-carly gene ¢-fos in
rat brain: evidence for involvement of dorsal raphe nucleus projection fibers. Neuroscience,
53: 457-463, 1993,

. Lesuie, Ro AL Moorman, J. M. and Graname-Smite. D, G. Lithium enhances 5-HT, |

receptor-mediated ¢-fos expression in rat cerebral cortex. NeuroReport. 5: 241-244,
1993

. L1, B. H. and Rowianp, N. E. Dexfenfluramine induces Fos-like immunoreactivity in

discrete brain regions in rals. Brain Res. Buil., 31: 43-48. 1993.

Liana, P. and Parnie, A. B. Differential display of eukaryotic messenger RNA by
means of the polymerase chain reaction. Science, 257: 967-971, 1992,

Liunaiera, T.o Aviceria, Poand Schurrz, W, Response of monkey dopamine neurons
during learning ol behavioral reactions. J. Neurophvsiol.. 67: 145-163, 1992,

. Linas, R R, and Parg, D. Of dreaming and wakefulness. Neuroscience, 44: 521-535,

1991,
McCorMmick, D, A.. Wana, Z. and HuGgueNnarp, 1. Neurotransmitter control of neocortical
neuronal activity and excitability. Cerebral Cortex, 3; 387-398, 1993,



64.

65.

66.

67.

68.

69.

70.

71.

73.

74.

5.

76.

77.

78.

79,

80).

. PompreEiano., M., Cirerny, C.

0%
Ln

MecCorMmick, D. A and BarL. T. Sensory gating mechanisms of the thalamus. Curr.
Biol.. 4: 550-556. 1994.

McGauai, J. L.. Involvement of hormonal and neuromodulatory systems in the
regulation of memory storage. Annu. Rev. Newrosci.. 12: 255-287, 1989,
McGinty. . J. and Harper, R. M. Dorsal raphe neurons: depression of firing during
sleep in cats. Brain Res., 101: 569-575, 1976.

MeLLo, C. V., Vicario, D. 8. and Crayron, D. F. Song presentation induces gene
expression in the songbird forebrain. Proc. Nail. Acad. Sci. USA, 89: 6818-6822,
19928

MEercHANT-NaNcY, H., Vazouiiz, J.. Acunar-Rosrero, R. and Drucker-CoLin, R. e-fos
proto-oncogene changes in relation to REM sleep duration. Brain Res.. 579: 342-346,
i992:

MercHANT-NANCY, H.. Vazouiz, J.. Garcia, F. and Druckrr-Covin, R. Brain distribution
ol c-fos expression as a result of prolonged rapid eye movement (REM) sleep period
duration. Brain Res.. 681: 15-22. 1995.

MerneraTE, R and Asue. J. H. Basal forebrain stimulation modifies auditory cortex
responsiveness by an action at muscarinic receptors. Brain Res.. 559: 163-167, 1991.
Moruzzi, G. and Macoun, H. W, Brain stem reticular formation and activation of the
EEG. EEG. Clin. Neurophvsiol., 1: 455-473, 1949,

2. Moruzzy, G. The functional significance of sleep with particular regard to the brain’s

mechanisms underlying consciousness. Pp. 345-388. In: Eccies. J. C. (Ed.), Brain and
Conscious Expericnce. New York, Springer. 1966.

Moruzzi, G, The sleep-waking cycle. Ergebn. Physiol., 64: 1-165, 1972,

Nakanisti, He., Kexnepy, C., Smira, C. B., Sun, Y., Danc. T, and SokovLorr, L. Local
rates of cerebral protein synthesis in non-REM sleep. J. Cereb. Blood Flow Metab..
9: 5737, 1989.

NeUNER-JEHLE, M., Ruyner, T, A, and Borsery, A. A. Sleep deprivation differentially
alters the mRNA and protein levels of neurogranin in rat brain. Brain Res., 685: 143-
153, 1D95;

NikoLagev, E., Kaminska., B., TiscuMeyer, W.. MaTTHIES, H. and KaczMmarex, L..
Induction of expression of genes encoding transcription factors in the rat brain
elicited by behavioural training. Brain Res. Bull., 28: 479-484, 1992,
Nikovraev, E.. WErka, T. and Kaczmarex, L. C-fos protooncogene expression in rat
brain after long-term training of two-way active avoidance reaction. Behav. Brain
Res.. 48: 91-94, 1992,

O'Hara, B. F., Youna., K. A., Watson, F. L., HELLEr, C. H. and KiLpurr, T. S.
Immediate early gene expression in brain during sleep deprivation: preliminary
observations. Sleep, 16: 1-7, 1993,

Panov, A. RNA and protein content of brain stem cells after sleep deprivation. Riv.
Biol., 75: 95-99, 1982,

Paviov, [. P. Innere hemmung der bedingten reflexe und der schlaf - ein und derselbe
prozess. Skand. Arch. Physiol., 44: 42-58, 1923.

. Peariman, C. REM sleep and information processing: evidence from animal studies.

Neurosci. Biobehav. Rev.. 3. 57-68, 1979.

. Pomprerano, M., Cirecni, C. and Tonont, G. Effects of sleep deprivation on Fos-like

immunoreactivity in the rat brain. Arch. ftal. Biol., 130: 325-335, 1992,

. and Tonont, G. Immediate-early genes in spontaneous
wakefulness and sleep: Expression of ¢-fos and NGFI-A mRNA and protein. J. Sleep
Res.. 3: 80-96, 1994,

. Pompriano, M., Cirerel, C.oand Tonont, G, Spontaneous wakefulness and sleep and the

expression of type-11 calmodulin kinase. Sleep Res.. 23: 509, 1994,



G. TONONL C. CIRELLI AND M. POMPEIANO

85a.Pomeeiano, O. Sensory inhibition during motor activity in sleep. Pp. 323-375. In:

Yanr, M. D. and Purpura, D, P, (Eds.). Newrophvsiological Basis of Normal and
Abnormal Motor Activities. New York, Raven Press, 1967.

85b.Pomreiano, O. Mechanism of sensorimotor integration during sleep. Pp. 1-179. In:

RO.

87.

88.

89.

90.

91.

96.

97.

98.

99
100.

101,

102.

SteLLar, E. and Spracui, J. M. (Eds.). Progress in Physiological Psychology. Vol. 3.
New York, London, Academic Press, 1970.

Porkka-HEISKANEN, T., UrBan, J. H., Levine, J. E., Turek. F. W., and SteENBERG. D,
Gene expression during REM sleep deprivation and recovery sleep. Sleep Res.. 22:
600, 1993,

Porkka-HEISKANEN, T.. Torrita, J.. Asikainen, M., Turek, F. W. and STeENBERG, D.
Expression of growth hormone-releasing hormone (GHRH) and somatostatin (SRIF)
genes during REM sleep deprivation in the rat. Soc. Newrosci. Abstr.. 20: 1220, 1994,
Purzicour, J. J., Gaupin-CHazieL, G., Daszura. Ao, Severitz, N. and Ternavx, J. P
Release of endogenous serotonin from “encephale isolé™ cats. Il Correlations with
raphe neuronal activity and sleep and wakelulness. J. Physiol., Paris, 75: 531-538,
1979.

Ramm, P. and Smite, C. T. Ratwes ol cerebral protein synthesis are linked to slow
wave sleep in the rat. Physiol. Behav.. 48: 749-753, 1990.

Reeke, G. N., Srorns. O. and Epriman. G. M. Synthetic neural modeling: the
“Darwin” series of recognition automata. Proc. [EEE, 78: 1498-1530. 1990.
Remwer, P. B, and McGeer. E. G. Electrophysiological properties of cortically projecting
histamine neurons of the rat hypothalamus. Neurosci. Lert., 73: 43-47. [987.

. Ruyner. T. AL, Boreery, Ao AL and Marcer, J. Molecular cloning of forebrain

mMRNAs which are modulated by sleep deprivation. Eur. J. Newrosci.. 2: 1063-
1073, 1990.

. Rose, S. P. R. How chicks make memories: the cellular cascade from ¢-fos to

dendritic remodelling. Trends Newrosci. 14: 390-397, 1991,

. Sarro, H, Sakal, K. and Jouver, M. Discharge patterns of the nucleus parabrachialis

lateralis neurons of the rat during sleep and waking. Brain Res.. 134: 59-72, 1977.

. Sakar, K. Some anatomical and physiological properties of ponto-mesencephalic

tegmental neurons with special reference to the PGO waves and postural atonia during
paradoxical sleep in the cat. Pp. 427-447. In: Hosson, J. A. and Brazier, M. A. B.
(Eds.). The Reticular Formation Revisited. NewYork, Raven Press, 1980.

Sakal, K. Anatomical and physiological basis of paradoxical sleep. Pp. 111-137. In:
McGinty. DL I, Druckier-Corin, R.. Morrison, A, and Parmeaaiant, P. L (Eds.), Brain
Mechanisms of Sleep. New York, Raven Press, 1985,

ScHuLTz, W, Activity of dopamine neurons in the behaving primate. Sen. Newrosci..
4: 129-138, 1992.

SHaror, V. S, Brain metabolism in relation to the functional state ol the central
nervous system. Pp. 247-262. In: Ricuter, D. (Ed.), Metabolism of the Nervous
Svsrem. London, Elsevier/Pergamon Press, 1957,

SHERRINGTON, C. Man on his Nature. New York, Doubleday, 1955.

Stirokawa, T and Kasamarsu, T, Concentration-dependent suppression by S-adrenergic
antagonists of the shift in ocular dominance following monocular deprivation in kitten
visual cortex. Newroscience, 18: 1035-1046, 1986.

Suromant, P.. Kitourr, T. S., Broom, F. E. and McCarcey, R. W. Cholinergically
induced REM sleep triggers Fos-like immunoreactivity in dorsolateral pontine regions
associated with REM sleep. Brain Res.. 580: 351-357, 1992,

Suiromantc P.J.. Mavik, M., Winston, S, and McCarLey, R. W, Time course of Fos-
like immunoreactivity associated with cholinergicully induced REM sleep. J. Neurosci.,
15: 3500-3508, 1995,



104.

105.

106.

107.
1035,

109.

110.

119.

120.

A NEW VIEW OF ACTIVATING SYSTEMS 37

Siva, Al and Caaeman, PoF. The a-calcium calmodulin kinase 11 and the plasticity

of neurons. circuits and behavior. Sem. Neurosci., 6: 53-58, 1994,

Smrtn, C. Sleep states and learning. A review of the animal literature. Newrosci.
Biobehav. Rev., 9: 157-168, 1985.

Steriapt, M. Cortical Tong-axoned cells and putative interneurons during the sleep-
waking cycle. Behav. Brain Res.. 1: 465-514, 1978.

Steriani, M., Datra, S., Pari, Do, Oakson, G, and Curro Dossi, R. Neuronal activities
in brain-stem cholinergic nuclei related to tonic activation processes in thalamocortical
systems. J. Newrosci., 10: 2541-2559, 1990,

Steriapk, M. Alertness, quiet sleep, dreaming. Cerebral Cortex. 9: 279-357. 1991,

Stone, E. AL ZuanG. Y., Jonx, S., Fiier. D, and Bina, G. Effect of locus coeruleus
lesion on c-fos expression in the cerebral cortex caused by yohimbine injection or
stress. Brain Res., 603 181-185, 1993,

Szymusiak, Roand McGinry, D, Sleep-related neuronal discharge in the basal forebrain
of cats. Brain Res.. 378: 82-92, 1986.

Szymusiak, R, and McGinty, D. Sleep-waking discharge of basal forebrain projecting
neurons in cats. Brain Res. Bull., 22: 423-430, 1989.

CTiscHMEYER, W, Kaczvarek, L., Stravuss, M., Jork, R, and MatThies, H. Accomulation

ol ¢-fos mRNA in rat hippocampus during acquisition of a brightness discrimination.
Behav. Newral Biol., 54: 165-171, 1990.

. Tonowt. G.. Ciriren, C. and Pomreriane, M. The locus coeruleus and immediate-early

genes In spontaneous and forced wakelulness. Brain Res. Bull., 35: 589-596, 1994.

. Tonon, G.. Sporns, O.. and Epciman, G, M. Reentry and the problem of integrating

multiple cortical areas: Simulation of dynamic integration in the visual system. Cerehral
Correx, 2: 310-335, 1992,

CToreiia, 1., STeNsiErG, DL Avanko, L., Asikaines, Mo, Ursan, I H., Torek, F. W, and

Porkka-Hriskaney, T. REM sleep deprivation induces galanin gene expression in the
rat brain. Neurosci. Leti., 183: 171-174, 1995,

CTrurson, M. E and Jacons, B. L. Raphe unit activity in freely moving cats: correlation

with level of behavioral arousal. Brain Res.. 163: 135-150, 1979,

. VAnNI-MErcier, G, Sakal, Ko and Jouver, M. "Waking-state specific’ neurons in the

caudal hypothalamus of the cat. C. R. Acad. Sci. Paris. 298: 195-200, 1984,

. VITALE-NEUGEBAUER, A.. Giunirra. A.. Vitark, B, and Graguinto, S. Pattern of RNA

syntesis in rabbit cortex during sleep. J. Newrochem.. 17: 1263-1273, 1970.

CWeinBErGER, No M. Asue, 1. H. and Epenne, Jo -M. Learning-induced receptive field

plasticity in the auditory cortex: specificity of information storage. Pp. 590-635. In:
Drracour, J. (Ed.), The Memory System of the Brain. Singapore. World Scientific
Publishing, 1994.

WiLLiams, 1., Dracunow, M. Lawror, P., Mason, S., Asranam, W. C., Lian, J.,
Bravo. R., Desmyer, 1oand Tartie, Wo Krox20 may play a key role in the stabilization
of long-term potentiation. Mol Brain Res. 28: 87-93. 1993,

Yanmuy, I Mancinias, I0 R Moraves, Fo R and Crase, M. H. C-fos expression in the
pons and medulla of the cat during carbachol-induced active sleep. J. Neurosci., 13:
2703-2718. 1993.

Yamuy, 1., Samroana. S., Loerez-Ropricuez, F.. Lurer, P. H., Moravres, F. R. and
CHask, M. H. Fos and serotonin immunoreactivity in the raphe nuclei of the cat during
carbachol-induced active sleep: a double-labeling study. Newroscience. 67: 211-223,
1995.



