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1. ABSTRACT

A theory of sleep function and brain organization
positing that sleep serves a neuronal connectivity function
and is a fundamental property of highly interconnected
groups of neurons (neuronal groups) is presented.  Cellular
electrical activity within neuronal groups leads to the
production of sleep-promoting substances which are also
cytokine growth factors.  The somnogenic cytokine growth
factors (SCGF) in turn, induce molecules necessary for
synaptic connectivity.  The SCGFs change the synaptic
activation patterns within neuronal groups.  SCGFs thus
induce changes in the input-output relationships of
neuronal groups and thereby, cause a neuronal group state
shift.  Altered input-output relations result in increased
efficacy of some synapses.  Sleep is thus, targeted to active
neuronal groups and serves to incorporate novel stimulus
patterns into a synaptic contextual network and also to
preserve that network.  Coordination of neuronal group
state is brought about by sleep regulatory networks.
Organism sleep is an emergent property of a population of
neuronal groups in the sleep state.  After the neuronal
group state shift, environmental input is divorced from
output.  Sleep is thus, useful to keep the animal stationary
at a time when its brain is most dysfunctional.  Thus, not
only is unconsciousness needed because output activity
would be out of phase with environmental events, but it is
the consequence of the process itself.

2. INTRODUCTION

Most people recognize the importance of sleep and are
aware of the cognitive and physical dysfunction that
accompanies sleep loss.  Patients suffering from primary
and secondary sleep disorders and their physicians are even
more keenly aware of the associated performance
detriments.  The understanding of sleep is also one of the
most important problems confronting neurobiology because

the reasons why we sleep remain unknown.  It seems likely
that if we are ever to understand waking functions such as
memory, perception, emotion, thought, etc, we will have to
first provide an experimentally verified function for sleep.
Further, an understanding of how the brain is organized to
produce sleep will likely help solve questions as to how the
brain achieves waking functions.  In this essay, we address
brain organization of sleep and sleep function; we view
these two subjects as inseparable.  It is our opinion that
solutions to these problems are now near at hand within the
grasp of the experimental neurobiologist.  These issues are
thus important, timely and almost irresistible to think about.

There are many theories of sleep function (e.g.
see 1).  These theories fall into two broad categories;
neuronal connectivity theories and bodily theories.
Neuronal connectivity theories suggest that sleep serves to
maintain, consolidate or repair synapses and the neuronal
circuits within which they function.  The bodily theories
focus on extra-cranial functions of sleep such as restoration
of energy stores (reviewed 2).  Unfortunately, all of the
bodily theories and most of the neuronal connectivity
theories fail to explain an indispensable and defining
feature of sleep; the reduction of environmental
responsiveness (unconsciousness).  Superficially,
unconsciousness is maladaptive since, while asleep, one
does not eat, drink, socialize or reproduce and one is more
subject to predation.  Thus whatever the need for sleep, it
must be greater than these apparent disadvantages
associated with unconsciousness.  Sleep could, of course,
serve more than one function (see below), however, it
seems likely to have initially evolved to serve a primordial
function not yet experimentally identified.

A number of sleep function theories, beginning
with Moruzzi’s (3), invoke the idea that sleep serves a
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function for the synapse (reviewed 4).  In fact, if we
include in this category the sleep theories postulating that
sleep serves a memory function (e.g., 5, 6, 7, 8, 9), and
those hypothesizing that sleep helps information processing
(e.g., 1) and those positing that sleep serves developmental
connectivity (10, 11) plus those directly stating that sleep
affects synapses (e.g. 12, 13, 14, 15), the theories appear to
converge on the general hypothesis that sleep is needed for
alterations in neuronal connectivity to occur or solidify.  It
is our opinion, however, that all of these theories, except
one (12) ignore the issue of how sleep mechanisms lead to
unconsciousness.  Regardless, over the past 30 years many
eminent and thoughtful sleep researchers have reached the
conclusion that sleep has something to do with neuronal
connectivity.  We thus now briefly consider characteristics
and mechanisms of neuronal connectivity in order to
develop ideas as to mechanisms and functions of sleep.

A fundamental tenet of neurobiology is that
neural circuitry activation is responsible for brain outputs
such as perception, thought, etc.  This circuitry is
anatomically defined by synapses in what is referred to as
the brain microcircuitry.  Another fundamental tenet of
neurobiology is that the microcircuitry is in constant flux,
even in adults, and that changes in the microcircuitry
(plasticity) are responsible for the incorporation of new
memories, integration of new experiences into old, motor
coordination etc.  There is a large and rich literature dealing
with many forms of plasticity, (e.g. 16).  Many biochemical
and morphological mechanisms are used to alter
neurotransmission.  Such changes take place over different
time frames ranging from milliseconds (e.g. paired-pulse
facilitation), to seconds and minutes (e.g. long term
potentiation) and hours to a lifetime (e.g. learned tasks such
as motor coordination) (17).  The latter two categories of
plasticity involve protein synthesis and gene expression.

A third tenet of neurobiology logically flows
from the first two mentioned here.  Synaptic activation
leads to targeted modifications in synaptic transmission,
and thus connectivity, and these changes are responsible for
alterations in synaptic efficacy (the ease of electrical
[neurochemical] transmission through a synapse).  The
resulting microcircuitry modifications thus alter a circuit’s
output in response to a given input.   These changes are
dependent upon cell activation and are referred to as
activity- or use-dependent changes.  Targeting these
activity-dependent changes to specific synapses requires a
variety of strategies.  Thus, neurons use at least two
approaches for use-dependent regulation of protein
synthesis and synapse targeting (reviewed 17).  In activated
cells, proteins are translated from newly transcribed
mRNAs in the soma.  For instance cAMP response element
binding protein (CREB), a transcription factor, is activated
in response to synaptic stimulation (18).  Second, mRNAs
are transported to activated synapses where they are
translated (e.g. activity-related cytoskeletal protein [arc])
(19, 20).  Some mRNAs are localized to synapses (e.g.
microtubule-associated protein-2) (21) and dendritic shafts
contain the machinery necessary for translation, e.g.
polyribosomes, initiation factors, etc.  How changes in
membrane potential turn on the translation processes at the

specific activated synapse remains to be completely
described but likely involves changes in cytosolic calcium
and perhaps substances such as cytoplasmic
polyadenylation element binding protein (22).  This
research area remains one of the most intense and
important in neurobiology since it is aimed at the
mechanisms responsible for some of the fundamental tenets
of neurobiology.

Neurotrophins such as nerve growth factor
(NGF), and brain-derived neurotrophic factor (BDNF) are
regulatory molecules whose expression in neurons is
activity-dependent (reviewed 23).  The neurotrophin
hypothesis posits that activity-dependent regulatory
molecules, e.g. NGF, BDNF, participate in neural
plasticity.  Cellular electrical activity alters the synthesis
and actions of these regulatory molecules and they, in turn,
directly alter electrical properties of cells containing their
receptors and alter the expression of countless molecules
necessary for synaptic efficacy and plasticity.  Such actions
are well known for neurotrophins such as NGF and BDNF
(reviewed 21, 23, 24).  Many neurotrophins are also
considered cytokines for instance, NGF and BDNF, and
similar actions are also exhibited by other cytokines, such
as tumor necrosis factor alpha (TNF alpha), a substance
implicated in sleep regulation (25).  TNF alpha, its
receptors and signaling pathways are constitutively
expressed in the CNS and can be expressed in glia and
neurons (reviewed 26).  The synthesis of TNF alpha is
enhanced by neural activity (27, 28).  TNF alpha in turn
enhances expression of AMPA receptors (a class of
glutamate receptors) and thereby affects input-output
relationships of neurons (29) and cytosolic calcium levels
(30).  These actions of TNF alpha appear to be
physiological in the sense that an inhibitor of TNF alpha,
the soluble TNF receptor, inhibits AMPA-induced
postsynaptic potentials (29) and AMPA-induced changes in
cytosolic calcium (30).  AMPA receptors play a key role in
synaptic plasticity (reviewed 31, 32).  Consequently, TNF
alpha plays a direct role in sleep regulation and an indirect
role in synaptic plasticity.

Thus far we have gone quickly from
acknowledging that sleep researchers hypothesized a
plasticity function for sleep to general cellular and
molecular mechanisms of plasticity and how one putative
sleep-regulatory substance, TNF alpha, affects plasticity.
The plasticity-related molecules used thus far as examples
are substances that are either affected by sleep [CREB (33),
arc (34), BDNF (35), TNF alpha (36) and/or directly affect
sleep [NGF (37), BDNF (38), TNF alpha (39)].  Before
proceeding to a sleep theory that incorporates what we
know about plasticity into a mechanistic hypothesis of
sleep, we first need to take a step back and address a larger
issue, the need for changes in neuronal connectivity, and
how that need impacts sleep mechanisms.

Complex information processing creates obvious
evolutionary advantages.  It seems reasonable to propose
that the evolution of complex ganglia/brains might occur by
either greatly increasing the total number of neurons in
circuits dictated by genetics (as in the evolution of
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Figure 1. State shifts within neuronal groups provide a way to preserve a contextual framework within which new stimuli need to
be integrated.  The waking state (W) of a neuronal group is characterized by input-output relationships (top A).  If a new stimulus
is introduced, input-output relationships are different (B).  Inputs induce production of SCGFs that alter the electrical properties
of nearby neurons and thereby alter input-output relationships (C).  The altered state can be considered sleep (S) (see text).  The
SCGFs induce long-term changes in connectivity within a neuronal group thereby incorporating new experience patterns into the
old (D).   Thus, the novel stimulus illustrated induces changes in the network via activity-dependent synthesis of regulatory
molecules involved in synaptic efficacy.  These substances, via paracrine actions, also preserve the efficacy of nearby synapses
via their ability to induce altered membrane electrical properties of the affected neurons.  The input-output relationships of the
neuronal group are thus altered.  It is posited that in one state, the neuronal group possesses input-output relationships that are
environmentally relevant while in the activity-dependent SCGF-induced state the input-output relationships no longer have direct
bearing to the environment.  The latter state could thus be considered a sleep state because environmental stimuli no longer induce an
environmentally relevant response.  Unconsciousness results when sufficient numbers of neuronal groups are in this state.

computers) or by involving single neurons in multiple
flexible circuits (shared use).  In both scenarios the
connection complexity would rapidly outgrow the
informational content available in genetic material.
Choosing the strategy of increasing the total neuron number
would result in severe spatial and metabolic limits.  The
shared use of neurons in multiple circuits seems a more
advantageous design since the ganglionic load could be
reduced for the same amount of processing ability.
However, the penalty for this strategy is the development of
epigenic plasticity and rules of connectivity between
neurons that are use-dependent (40).  Such a strategy would
result in a reduced metabolic load for the “information
processor” and allow for flexibility by incorporating
epigenic experience-driven lessons into the processor.

However, such a plan presents another problem;
the preservation of useful synapses and circuits.  The fact
that an organism lives is prima facie evidence that its
processor already has useful circuits that have ensured
survival.  How does it incorporate new useful
circuits/synapses into the already present, proven adaptive,

circuits?  In other words, “new” information needs to be
incorporated within a contextual framework while
simultaneously preserving the “old”.  Consequently,
organisms must stabilize the old, incorporate the new, and
target both processes to activated networks.

3. STATE SHIFTS WITHIN A GROUP OF HIGHLY
INTERCONNECTED NEURONS

As synapses and circuits are used there is the induction and
release of somnogenic cytokines/growth factors (SCGFs)
that are responsible for synaptic sculpturing (the
neurotrophin hypothesis).  In an autocrine fashion, these
activity-dependent substances alter synaptic efficacy via
nuclear transcription events and translation mechanisms
targeted to the specific synapses that were activated.  They
also act in a paracrine fashion to affect the electrical
properties of nearby neurons such that a given input results
in a different output (see Figure 1).  Within a group of
highly interconnected neurons (hereafter called neuronal
groups), the SCGF-induced altered input-output
relationships can, by definition, be considered a state shift.
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Figure 2.  Sleep regulatory networks and activational circuits involved in the coordination of neural group (NG) state.  Individual
neuronal groups (right) oscillate between waking (w) and sleep (s) states depending upon their prior activity.  Neuronal groups in
proximity to each other tend to map onto each other (--•) and thereby tend to phase-lock states with each other. Sleep regulatory
networks (thalamus/basal forebrain – top middle) have bi-directional connections with the neuronal groups and help in the
coordination of the sleep states of the neuronal groups with autonomic and somatomotor functions associated with sleep.  The
activational circuits (middle bottom) extensively map onto neuronal groups throughout the cortex and serve to phase-unlock the
neuronal groups (see text).  Higher level regulatory circuits (e.g. hypothalamus) are also involved in balancing the actions of the thalamic
and basal forebrain circuits and the activational circuits.  See the chapters by Szymusiak and McGinty, Steride, Zabroszky and Duque,
Semba and Deurvilher, and Jones in this volume for an in depth discussion of sleep regulatory networks.  Abbreviations:  SCN,
suprachiasmatic nucleus; LC, locus ceruleus; PH, posterior hypothalamus; RN raphe nucleus; DLTn, dorsal lateral tegmentum nucleus;
RF, reticular formation; BF, basal forebrain.  i→ow represents input-output during waking while i→os represents sleep.

It is well known that a variety of SCGFs such as
interleukin-1 beta (IL1 beta), TNF alpha, NGF and BDNF
alter either the responsiveness of neurons to stimuli or
directly stimulate changes in membrane potentials
(reviewed 24, 41).  These actions of SCGFs on membrane
potentials have two important manifestations.  First, such
actions result in the use of synapses that heretofore were
not activated by the particular stimulus; this action would
in turn trigger, with a delay, the molecular events which
maintain synaptic efficacy of those newly activated
synapses and the consolidation of recently formed
synapses.  We consider this a function of sleep (12); i.e. the
preservation of synapses insufficiently activated by afferent
input during wakefulness, yet which are essential for
providing a contextual framework.  Second, the SCGFs
induced in activated neuronal groups would, due to
diffusion, biochemical reaction times and regulatory
feedback loops, result in neuronal group electrical and
biochemical oscillations (12).   The SCGF-induced altered
input-output relationship, or state shift, can be considered a
sleep state since after the state shift environmental input no
longer elicits environmentally-relevant outputs.  For
instance, if the initial conditions are such that
environmentally driven inputs induce adaptive outputs
(waking) then a shift in input-output relationships could

result in outputs lacking the necessary connectivity to
induce coordinated mental or motor patterns.  Thus,
individual neuronal groups are alternating between states,
one in which input induces environmentally-relevant output
and one in which it does not.  In addition, while oscillating
between states, novel stimulus patterns are incorporated
into a contextual framework and the synapses responsible
for the contextual framework are preserved.

4. GOING GLOBAL WITH NG STATE SHIFTS  TO
ORGANISM SLEEP

Sleep is a global behavioral phenomenon.  Thus,
the sleeping mode of neuronal groups needs to be
coordinated and effector mechanisms that bring about the
somatomotor and autonomic changes normally associated
with sleep have to be engaged.  There are two mechanisms
responsible for coordination of neuronal groups.  The first
is a consequence of the topographical organization of the
cerebral cortex.  For example, within the somatosensory
cortex of rats, individual barrels, which are involved in
processing information from a single facial whisker, tend to
map onto each other and the extent of mapping is greater
the closer barrels are to each other (Figure 2). The action
potentials from one neuronal group to an adjacent neuronal
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group would tend to phase-lock the states of the neuronal
groups to each other and thereby induce local
synchronization of neuronal group state within the
somatosensory cortex. Such coordination mechanisms
would function in sleep and wake states although the
precise patterns of mapping would be different between
states. Sleep regulatory networks would also be involved in
coordination of neuronal group state and with the
engagement of circuits involved in autonomic and
somatomotor changes associated with sleep.  There are two
basic features that these networks need to possess.  They
have to receive inputs from neuronal groups all over the
brain and they need to be able to modulate activities of
neuronal groups dispersed in distant parts of the brain.
These are, in fact, characteristics of the projection neurons
in the thalamus and basal forebrain (figure 2).  Finally,
these two coordinating mechanisms would in some
instances also affect electroencephalogram (EEG)
frequencies leading to perhaps those patterns characteristic
of sleep and binding mechanisms.

The role of the sleep regulatory networks can be
envisioned as follows.  Sleep need is conveyed to these
neurons by the SCGF-induced altered activity of neuronal
groups through the bi-directional pathways between the
cortical neuronal groups and the thalamus (i.e.
corticothalamic pathways) and the basal forebrain (i.e.
cortical neurons projecting to the cholinergic and non
cholinergic basal forebrain neurons) (figure 2).  The
various activational circuits are also involved in the
coordination of neuronal group sleep states.  Thus, because
of their far reaching projections and activating actions they
could serve to reverse the tendency of neuronal groups to
phase-lock with each other.  An interesting aspect of such
an arrangement is that each of the activational networks
could work independently using different transmitter and
mapping mechanisms on the circuitry of the neuronal
groups and thereby add to the richness and complexity of
waking states.

Further, as sleep regulatory networks begin to
modulate the activity of significant neuronal group
numbers, sleepiness is perceived and normal preparative
sleep behavior ensues.  The sleep regulatory networks are
also capable of mediating sleep-promoting stimuli arising
from the body or specific neural structures.  Thereby
through these networks sleep can serve secondary functions
that have co-evolved with the primary plasticity function
(thermoregulation, host defense, caloric savings and
conveying circadian input from the suprachiasmatic
nucleus).

5. THE NEED FOR SLEEP

It seems logical that if activity-dependent SCGFs
induce altered input-output relationships and the neuronal
group states shift such that environmental input is
functionally divorced from neuronal group output then
behavioral abnormalities would ensue.  Cognitive and
physical performance dysfunction (as well as many others),
in fact, occur with sleep loss and such problems become
progressively worse (42).  Further, waking state stability

becomes more fragile as sleep loss persists, e.g., the
probability of lapses into microsleep increases (42).
Prolonged wakefulness is likely accomplished, in part, by
use of the activational systems to keep neuronal groups in
an “awake” state.  This would result in even more intense
neuron use within the affected neuronal groups thereby
causing an even greater synthesis of use-dependent SCGFs,
which would tend to increase the propensity to jump into
the “sleep” state.  Thus with progressive sleep loss the
activity of two opposing neuronal group-state determining
mechanisms (activation circuits and SCGF production)
would increase.  This is the equivalent of greatly increasing
the gain of a regulated system and thereby increasing
instability (high gain-induced amplified error around a set
point).

Within a population of neuronal groups, as
wakefulness becomes prolonged, the fraction of neuronal
groups, either switching to the “sleep” mode or
progressively becoming more unstable due to turning up
the gain would increase.  At some point, a predicted
emergent property of the system (brain) would be a system-
wide state shift.  This emergent property would be
associated with unconsciousness since a large fraction of
the neuronal groups would be in a state where
environmental input is divorced from a functional output.
It would also be advantageous to prevent physical activity
of the animal at a time when its brain is most dysfunctional.
Thus, unconsciousness is needed not only because output
activity would be out of phase with environmental input,
but also because it is the consequence of the process itself
(43).

6. SLEEP HOMEOSTASIS; IMPLICATIONS FOR
SLEEP FUNCTION

Sleep is homeostatically regulated in the sense
that sleep loss induces an increased sleep propensity and
that sleep duration and intensity increase after sleep
deprivation.  Benington (44) has emphasized that the
functions of other homeostatically regulated processes are
directly related to their homeostatic control mechanisms.
Currently, there is extensive information concerning the
biochemical regulatory mechanisms of sleep (see Obal and
Krueger, this volume).  Several characteristics of sleep
regulatory substances are consistent with the idea that sleep
serves a synaptic function.  For instance, neuronal use
stimulates the production release of many sleep regulatory
substances, e.g. TNF alpha (see above), nitric oxide,
adenosine, NGF, BDNF, IL1.  Mechanistically, this
suggests that sleep is related to prior neuronal activity
rather than wakefulness per se.  In addition, since these
substances cause sleep when administered to an animal or
when upregulated endogenously, it logically follows that
sleep is related to synaptic activity.  We can also ask: What
types of activity are these sleep regulatory substances
involved in?  In fact, that these substances are involved in
synaptic plasticity mechanisms suggests that sleep is
involved as well.   Sleep thus would be predicted to affect
molecules known to be involved in plasticity, although
conversely such molecules need not be involved in sleep
regulation directly.  Many such molecules are affected by
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sleep loss, e.g. arc (34, 45), metalloproteinase-9 (34), tissue
plasminogen activator (34), trk B (35), glutamate
decarboxylase (46).  In conclusion, our knowledge of the
biochemical mechanisms responsible for sleep is consistent
with a role for sleep in synaptic plasticity.

Another facet of sleep regulatory mechanisms
deals with the sleep regulatory circuits (e.g. see figure 2).
Indeed, most sleep mechanisms studies have focused on
such networks as the preoptic/basal forebrain for non-rapid
eye movement sleep or on pontine rapid eye movement
sleep circuits or on the various activational networks.
These networks are indeed involved in sleep regulation
and, as mentioned above, they are posited to affect activity
within neuronal groups and to be involved in the
coordination of neuronal group states.  However, it is the
regulated variable that gives a clue for sleep function, not
the specific neuronal circuit involved.

7. IMPLICATIONS AND PREDICTIONS OF THE
THEORY; EXPERIMENTAL SUPPORT

A fundamental postulate of this theory is that
sleep is a property of neuronal groups and that organism
sleep is a statistical function of the number of neuronal
groups in the sleep mode (12).  Thus, one would anticipate
that parts of the brain could be asleep while other parts are
awake.  This indeed is characteristic of dolphin sleep;
dolphins never exhibit the high amplitude EEG slow waves
associated with non-rapid eye movement sleep on both
sides of the brain simultaneously (47).  Further, if only one
side of the brain is deprived of sleep, that side but not the
contralateral side, shows sleep rebound (48).  As humans
enter sleep, EEG slow wave activity occurs first, and is
more intense, in the frontal cortex than in the occipital
cortex (49).  Cerebral blood flow measurements also
clearly demonstrate regional differences during sleep or
sleep loss (50, 51, 52).  Clinical observations in stroke patients
suggest that wakefulness and sleep occur simultaneously in
different parts of the brain (53).  On a cellular level, as an
animal is beginning to enter sleep, some neurons of the visual
association cortex display characteristic sleep firing patterns
even when the animal is performing a visual discrimination
task (54).  Mid-pontine transection of the cat brain results in
the generation of a rapid eye movement sleep-like state in the
brain stem while the disconnected forebrain waxes and wanes
in and out of EEG synchronization (55).  EEG slow wave
activity of isolated cortices (56; reviewed 57) in otherwise
intact animals, also waxes and wanes thereby suggesting that
intrinsic activity of the cortex can induce oscillatory field
potentials.  Countless lesion/stroke studies suggest that
regardless of the lesion location, if the animal survives, sleep
always occurs (reviewed 2).  Finally, slow electrical
stimulation of many brain areas induce EEG synchronization
(reviewed 57).  Collectively, such data strongly suggest that
there is no common pathway necessary for sleep or EEG
synchronization and that much of the encephalon has
hypnogenic properties (58).

Another facet of the theory is that sleep is
dependent upon prior neuronal use.  Thus, one would
predict that if a part of the brain were disproportionately

activated, then in subsequent sleep that part of the brain
would exhibit a higher intensity of sleep.  Indeed, the first
experimental test of the theory demonstrated this
phenomenon.  Kattler et al (59) excessively stimulated the
right hand of volunteers during wakefulness, during
subsequent sleep increased EEG delta power was observed
in the left cortex [EEG delta power reflects sleep intensity
(reviewed 60)].  In later studies by the same group, similar
results were obtained from rat somatosensory cortex after
unilateral facial whisker removal and sleep deprivation; the
side ipsilateral to the cut whiskers thus received
disproportionate sensory stimulation and it exhibited
enhanced EEG delta power in subsequent sleep (61).
Similar results were obtained in another study using
acollasal mice (62).  Additional reports suggest the idea
that sleep is targeted to areas depending upon their prior
activity.  For instance, Maquet (51) concluded that the
intensity of sleep is targeted to specific areas of brain
depending upon prior use.

A third general prediction of the theory is that
any brain function dependent upon plasticity should be
sensitive to sleep.  Steriade (63) has suggested that the
neuronal activity of cortico-cortical circuits associated with
non-rapid eye movement sleep promotes synaptic
plasticity.  There are several developmental studies
consistent with the notion that the characteristic high
plasticity of the development period is affected by sleep
and /or sleep loss.  Higher levels of SCGFs in the
developing brain, could partially account for the greater
amounts of sleep and plasticity during development.  In the
developing human brain, frontal cortex synaptic density
correlates with increased EEG delta activity (64).  In cats,
rapid eye movement sleep deprivation enhances the effects
of monocular deprivation on the cell size of lateral
geniculate neurons (11).  Another more extensive study
using a similar animal model, showed that sleep as well as
sleep loss modified cortical plasticity (10).  Memory is also
posited to be dependent on synaptic plasticity and sleep.  In
the developing chick, left hemisphere sleeping is linked to
fixation of memories developed during waking activities
(65).  There are also many reports of mammalian
hippocampal-dependent memory being sleep dependent.  In
a series of studies, Smith (6) has shown that sleep during a
critical window after learning a task is necessary for
retention of the learned task.  Sleep is also required to learn
new visual discrimination tasks (9) and motor tasks (66).
Sleep loss also greatly inhibits hippocampal long-term
potentiation (67).  Finally, previously we had predicted (43)
that sleep loss should affect neurogenesis; Guzman-Marin
et al (68) recently provided evidence in support of this
prediction.

8. PERSPECTIVE

Sleep most likely serves multiple functions
although it probably evolved to serve some primordial
function such as synaptic plasticity as argued here (12).
Sleep is important, if for no other reason than it occupies
such a large fraction of each day in most species.  For
neurobiology, its importance lies in the high probability
that we must fully understand what sleep does for the brain
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before we can decipher the mechanisms responsible for
higher brain functions.  There are now many good
proposals for sleep function and they are beginning to be
tested experimentally.  It is thus an exciting time to be in
sleep research.  In the past, there has been much spirited
debate over the issue of sleep function.  In the future, the
discussion will continue and intensify with one major
difference, now we can begin to bring experimental
evidence to the arena of intellectual debate.
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