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Abstract

The hypothesis that sleep promotes learning and memory has long been a subject of active investigation. This hypothesis implies that
sleep must facilitate synaptic plasticity in some way, and recent studies have provided evidence for such a function. Our knowledge
of both the cellular neurophysiology of sleep states and of the cellular and molecular mechanisms underlying synaptic plasticity has
expanded considerably in recent years. In this article, we review findings in these areas and discuss possible mechanisms whereby
the neurophysiological processes characteristic of sleep states may serve to facilitate synaptic plasticity. We address this issue first on
the cellular level, considering how activation of T-type?Cahannels in nonREM sleep may promote either long-term depression or
long-term potentiation, as well as how cellular events of REM sleep may influence these processes. We then consider how synchronization
of neuronal activity in thalamocortical and hippocampal—neocortical networks in nonREM sleep and REM sleep could promote differential
strengthening of synapses according to the degree to which activity in one neuron is synchronized with activity in other neurons in the
network. Rather than advocating one specific cellular hypothesis, we have intentionally taken a broad approach, describing a range of
possible mechanisms whereby sleep may facilitate synaptic plasticity on the cellular and/or network levels. We have also provided a
general review of evidence for and against the hypothesis that sleep does indeed facilitate learning, memory, and synaptic plasticity.
© 2003 Elsevier Science Ltd. All rights reserved.

Contents
L. INtrOAUCHION. . . .o e e e e 72
2. The neurobiology of sleep and waking. ...........co i e 72
3. Cellular and molecular mechanisms of synaptic plasticity.....................coooiiia... 74
3.1. Long-term potentiation (LTR) . ... it e 74
3.2. Long-term depression (LTD) ... ..ottt e e et 75
3.3. Spike-timing-dependent plasticity (STDP). ...t 76
3.4. Retrograde signaling in synaptic plastiCity. .......... ... 76
4. Evidence for a link between sleep and synaptic plasticity. . .................cooiiiiiii .. 77
4.1. Learning, memory, and SIE R . . ...t 78
4.1.1. Learning and REM-sleep augmentation ...............coiiiiiiiiineinnnann. 78
4.1.2. Sleep deprivation and learning . ...t 79

Abbreviations: AP, action potential; BDNF, brain-derived neurotrophic factor; CaM?Z‘Gealmodulin; CaMKIl, CaM kinase IlI; CICR, Ca-

induced C&" release; CREB, cyclic AMP response element-binding protejn; hyperpolarization-activated cation channel;3s/[PAG, inositol-
triphosphate/diacylglycerol; LGN, lateral geniculate nucleus; LTD, long-term depression; LTP, long-term potentiation; MD, monoculaiode pniéd,
metabotropic glutamate receptor; NGF, nerve growth factor; NO, nitric oxide; nNOS, neuronal nitric oxide synthase; NonREM, non-rapid-eyg:moveme
P, postnatal day; PCR, polymerase chain reaction; PET, positron emission tomography; PGO, ponto-geniculo-occipital; PSP, postsynaptic poten-
tial; REM, rapid-eye-movement; RSD, REM-sleep deprivation; SD, sleep deprivation; SS—PS, transition from nonREM sleep to REM sleep; STDP,
spike-timing-dependent plasticity; VGCCs, voltage-gatedtCzhannels

* Corresponding author. Tel41-716-375-2564; fax:#+1-716-375-7618.

E-mail addressesjpening@sbu.edu (J.H. Benington), mgf@mail.med.upenn.edu (M.G. Frank).

1 Co-corresponding author. TeH:1-215-746-0388.

0301-0082/03/$ — see front matter © 2003 Elsevier Science Ltd. All rights reserved.
doi:10.1016/S0301-0082(03)00018-2



72 J.H. Benington, M.G. Frank/Progress in Neurobiology 69 (2003) 71-101

4.2. Neurochemical changes in sleep. ...........oi i e 80

4.2.1. Sleep and RNA/DNA synthesis . ..... ..o e 80

4.2.2. Sleep and gene eXPreSSION . .. ...ttt e 81

4.2.3. Sleep and protein SyNthesis. . ... ... 81

4.3. Reactivation of neuronal activity patternsin sleep......... ..., 82

4.4. Sleep, sleep deprivation, and synaptic plasticity. ... 83

4.5. Sleep and developmentally regulated synaptic plasticity............................... 84

5. Facilitating synaptic plasticity on the cellular level.......... ... .. i, 85

5.1. C&* influx in sleep and synaptic plastiCity. .. .............ooo oo, 85

5.2. T-type C&t channels and LTD. .......oouuiit et e 86

5.3. T-type C&" channels and LTP. .......oooiiiii e 87

5.4. Cellular events of REM sleep and synaptic plasticity . ..................ooooii... 87

6. Facilitating synaptic plasticity on the network level............. ... .. . .. 87

6.1. Synchronized neuronal activity in nonREM sleep................cooiiiiiiiiiiiiina.., 88

6.2. Synchronized neuronal activity in REM sleep..............ci i, 89

6.3. Network-level models of sleep and synaptic plasticity . ................... ..., 89

6.3.1. Thalamocortical Interactions. .............. it 920

6.3.2. Hippocampal—neocortical interactions. ..............c.oiiiiiiiiiiiiiiaann... 90

6.3.2.1. Two-stage models of hippocampal functioning.......................... 91

6.4. General evaluation of network-level models ............... ... ... i 92

7. Summary and CONCIUSIONS. . .. ... . e e et e 92

7.1. Facilitation of synaptic plasticity as the primary function of sleep...................... 93

7.2, FULUrE dIir€CHIONS. . . ..ottt e e e e 94

R IENCES. . .ot e e e 95
1. Introduction and we therefore catalog the widest range of candidate

mechanisms.

Recent studies have rekindled interest in a possible link  This article synthesizes material from a number of fields
between sleep and synaptic plasticity. The idea that sleepin neurobiology, each one of which comprises a consider-
may in some way facilitate synaptic plasticity has been pro- able body of research work. To facilitate the reader’s fur-
posed a number of times, and has long been supported byther investigation of these diverse fields, we have restricted
studies showing impaired consolidation of learned responsescitations of original research articles to those situations in
following sleep deprivation (SD), but only recently have which: (1) a specific point is being made for which there
there been findings suggesting such a connection on the cel€xist a manageable number of pertinent studies; (2) note-
lular and network level. While these new findings are stim- worthy research articles have been published since the most
ulating, less attention has been paid to the question of howrecent review of the subject; or (3) the material being re-
the cellular and molecular events associated with sleep stateyiewed is central to the hypotheses presented in this article.
could cause modulation of synaptic strength and the forma- In all other cases, citations are to the best and most recent
tion and elimination of synapses. review articles so that readers may most efficiently explore

We begin by reviewing the cellular neurophysiology and in more depth the body of work in question.
network properties of sleep and waking, and current ideas
regarding the cellular and molecular mechanisms of synap-
tic plasticity. We then discuss the evidence suggesting that2. The neurobiology of sleep and waking
sleep may indeed facilitate synaptic plasticity. These sec-
tions in turn provide a basis for considering possible ways  Sleep in eutherian mammals comprises two distinct states,
in which neural events taking place in sleep may facilitate nonREM sleep and REM sleep, which alternate at fairly
the cellular and molecular processes underlying synaptic regular intervals throughout each sleep periGérskadon
plasticity. We present hypotheses for causal connectionsand Dement, 2000In most species, nonREM sleep makes
between sleep and synaptic plasticity first in terms of events up about 4/5 of total sleep time, and the interval between
taking place within single neurons, and then in terms of REM-sleep episodes varies as a function of brain size, from
network interactions among neurons of the cerebral cortexless than 10 min in mice to about 90 min in humaneelin,
and other brain regions. Our discussion of these matters is2000.
by design quite broad and speculative, as there is as yet Neuronal activity in REM sleep is substantially simi-
little evidence that strongly supports one particular mech- lar to that seen in wakingHobson and Steriade, 1986
anism whereby sleep could facilitate synaptic plasticity, Neocortical pyramidal neurons are tonically depolarized
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(Hirsch et al., 1988 producing single action potentials at second-messenger systems, thereby reducing neurdnal K
irregular intervals. The EEG consists of low-amplitude fast causing neurons to be tonically depolarizétirgéch et al.,
activity, indicating desynchronization of neuronal activity 1983. In REM sleep, this same result is achieved by re-
(Carskadon and Dement, 2000n the hippocampus, neu- lease of acetylcholine alone, as release of serotonin and
rons are also tonically depolarized, but as a result they pro-norepinephrine in REM sleep is minimakgton-Jones and
duce synchronized rhythmic activity in the theta (4—8 Hz) Bloom, 1981; Jacobs, 1986; Lydic et al., 1987; McGinty
frequency range Buzsaki, 2002; Kahana et al., 2001; and Harper, 1976 In nonREM sleep, these neuromodula-
Steriade, 2000 This activity pattern is also seen during tors are all released at relatively low levels, hence neurons
more active waking states, in rodents involving exploratory are relatively hyperpolarized in this state.
motor activity. REM sleep is further characterized by high  The synchronized, rhythmic neuronal activity char-
levels of ponto-geniculo-occipital (PGO) waves in some acteristic of nonREM sleep is produced largely by the
species. These are caused by bursts of action potentials origeoordinated opening of two types of ion channel: the
inating in specific pontine regions and propagating through T-type depolarization-activated €a channel and a
the lateral geniculate nucleus to the occipital cortex and hyperpolarization-activated cation channg) (McCormick
other brain regionsCalvo and Fernandez-Guardiola, 1984; and Bal, 1997; Steriade et al., 1993&ction potentials
Datta, 1997; Siegel, 2000 occur during membrane depolarization, when T-typé*Ca

In nonREM sleep, neocortical pyramidal neurons are less channels are activated. The resultant influx o Cac-
active and responsive than in waking or REM sleep, gener-tivates SK K" channels $ah and Louise Faber, 2002;
ally firing single action potentials or bursts at fairly regular Vergara et al., 1998 causing an after-hyperpolarization
intervals, with a long after-hyperpolarization following each lasting hundreds of milliseconds following each burst.
depolarization $teriade, 1999, 2000; Steriade et al., 1993a This after-hyperpolarization is critical to the maintenance
The EEG consists of high amplitude waves in the delta of rhythmic neuronal activity, as T-type €a channels
(0.5-4 Hz) and sigma (7—14 Hz) frequency ranges, indicat- spontaneously inactivate and require membrane hyperpo-
ing synchronous bursts of neuronal activity at these frequen-larization to be de-inactivatedAcCormick and Bal, 1997
cies, involving large populations of neurons in the cerebral In addition, |, is activated during this period of hyperpo-
cortex and other brain regions. Rhythmic neuronal activity in larization and facilitates a return to a depolarized potential,
the delta frequency range appears to be intrinsic to neuronsthus again activating the T-type €achannels. Rhythmic
of the cerebral cortex and thalamus, as well as other brainbursts of action potentials in populations of neurons in the
regions Steriade et al., 1993bGeneration and synchro- cerebral cortex and thalamus are synchronized during the
nization of sigma activity depends on a network involving occurrence of sleep spindles through direct interconnections
the reticular nucleus of the thalamus, thalamocortical neu- within the population, and through reciprocal projections
rons in thalamic relay nuclei, and corticothalamic neurons, with GABAergic neurons of the thalamic reticular nucleus
as well as intrinsic interneurons in both thalamus and cortex (Steriade, 1999

(Destexhe et al., 1999a; Steriade et al., )9&¥nchro- Acetylcholine released in waking and REM sleep blocks
nized neuronal oscillations in the delta and sigma frequency the above-described sequence of events because activation
ranges are in turn organized by a slower rhythal Hz) of the IR;/DAG second-messenger system activates protein

of depolarization followed by hyperpolarization, which ap- kinase C and Ca& -calmodulin-dependent protein kinases
pears to be generated in the cerebral cor&nghez-Vives  (CaM kinases), which phosphorylate variou$ khannels,
and McCormick, 2000; Steriade et al., 1993b including the C&"-dependent SK channelS¢hulman and
Synchronous neuronal activity also occurs in the hip- Hyman, 1999. As a result, neurons are tonically depolar-
pocampus during nonREM sleep, producing sharp waves atized, thus preventing de-inactivation of T-typeCachan-
irregular intervals (0.02—-3%), during which time a large  nels and thereby suppressing rhythmic neuronal activity
fraction of hippocampal pyramidal neurons fire bursts of entirely McCormick and Bal, 1997 Acetylcholine release
action potentials within a 40-120 ms windovBuzsaki, during waking also causeg to be activated at more de-
1996. In association with these sharp waves, phase-lockedpolarized potentials\icCormick, 1992, further preventing
oscillations of hippocampal interneurons produce brief the hyperpolarization needed for de-inactivation of T-type
200 Hz ripples in hippocampal field potential recordings. C&* channels.
Both sharp waves and ripples are also observed during While all stages of nonREM sleep are associated with
quiescent waking in rodents. synchronized EEG waveforms and rhythmic neuronal activ-
These state-specific changes in neuronal responsdty, stages 3 and 4 differ from stage 2 in that delta activity
properties appear to be driven primarily by differential predominates over sigma activity in the EEG. This is sig-
release of neuromodulators such as acetylcholine, nore-nificant because EEG delta activity and the occurrence of
pinephrine, serotonin, and histamin®ldCormick, 1992; stages 3 and 4 nonREM sleep are promoted by sleep loss
McCormick and Bal, 1997 In waking, these neuromod- (Borbely and Achermann, 20ptand may contribute to dis-
ulators are released at high levels, activating the inositol- charge of sleep propensitéersma et al., 1990; Brunner
triphosphate/diacylglycerol (HPDAG) and cyclic AMP et al., 1990, 1998 If facilitating synaptic plasticity is an



74 J.H. Benington, M.G. Frank/Progress in Neurobiology 69 (2003) 71-101

important function of nonREM sleep then that function is In the following sections, we will discuss each of these
likely to be homeostatically regulatedénington, 200§ protocols in turn. LTP and LTD have been studied in the
and is therefore likely to be linked to the increased EEG hippocampus, various neocortical areas, the cerebellum, and
delta activity that is characteristic of homeostatic increases elsewhere. The essential properties of LTP and LTD and
in sleep intensity. Thus, should the above-described pat-many of the underlying molecular mechanisms are substan-
terns of neuronal activity characteristic of nonREM sleep tially similar in different brain regions. In our discussion, we
be involved in facilitating synaptic plasticity, that process will emphasize the commonalities while identifying regional
may be promoted more by synchronized activity in the delta distinctions where appropriate. This discussion is largely re-
frequency range than in the sigma frequency range. stricted to forms of synaptic plasticity found in neocortical

and hippocampal areas; cerebellar LTD shares many features

with neocortical and hippocampal plasticity mechanisms but
3. Cellular and molecular mechanisms of synaptic is also different in a number of ways. It has been the subject
plasticity of a recent detailed reviewt¢, 200J).

Synaptic plasticity consists of any changes in the synaptic 3.1. Long-term potentiation (LTP)
connections between neurons, including strengthening and
weakening of synapses, changes in the distribution of re- LTP was originally induced in the hippocampus, by stim-
ceptor proteins and postsynaptic signal transduction mech-ulating axons of the perforant path and potentiating the PSPs
anisms, and even changes in the number and distributionin dentate gyrus neuronBl{ss and Lomo, 1978 The poten-
of synapses formed between pairs of neurons. The nervoudiation was found to be input-specific, in that stimulation of
system is most plastic in early ontogenetic development, but medial perforant path did not potentiate lateral perforant path
synaptic plasticity continues throughout life and is the phys- PSPs, and vice vers#¢Naughton et al., 1978 Because
ical substrate of learning and long-term memory formation. LTP stimulus protocols often involved high-frequency stim-

Synaptic plasticity largely occurs as a function of dif- ulation (up to 100Hz), LTP was viewed with suspicion in
ferential activity at synapses. The dominant conceptual some quarters, since the stimulus was so obviously unphys-
model for activity-dependent synaptic plasticity is the Heb- iological (Barnes, 199b However, subsequent studies have
bian synapseHebb (1949)postulated that neural networks demonstrated that LTP can be produced by low-frequency
would have learning-related properties if only those synap- pairing of anterograde stimulation of an axonal input with
tic inputs which contribute more significantly to activating retrograde stimulation of the axons of the postsynaptic CA1
the postsynaptic neuron were strengthened, while othersneurons Paulsen and Sejnowski, 2000 his demonstrated
were weakened. In other words, the occurrence of coinci- that the relevant event, even in the case of the original stim-
dent release of transmitter by the presynaptic neuron andulus protocol, is the pairing of a PSP at a specific synapse
generation of an action potential in the postsynaptic neuron with generation of an action potential (AP) in the postsynap-
should contribute to strengthening the synapse, while presy-tic neuron. It has since become clear that the relative timing
naptic release of transmitter in the absence of a postsynapticof PSP and AP is critical (se®ection 3.3.
action potential should either have no effect on synaptic The key molecular mechanism underlying LTP is activa-
strength or should contribute to weakening the synapse.  tion of the NMDA glutamate receptoE(gersma and Silva,

In experimental preparations, synaptic responses can bel999, a Na/C&+t channel that is activated by glutamate
either potentiated or depressed, depending on the patterronly when the postsynaptic cell membrane is depolarized
of stimulated neuronal activity and the chemical treatments from resting potential. Consequently, €ainflux through
used. Potentiation and depression are measured in terms ofhe NMDA receptor occurs only when a glutamate synapse
the size of the postsynaptic potential (PSP) induced in re-is activated simultaneously with significant depolarization
sponse to a constant presynaptic stimulus regimen (the tesbf the postsynaptic neuron. The resultant increase ik{a
pulse). Experimentally induced potentiation and depression generates the postsynaptic responses that result in synaptic
have been shown to last hours to weeks, and are thereforeotentiation (see below).
referred to as long-term potentiation (LTP) and long-term  In vertebrate neurons, the vast majority (90%) of synapses
depression (LTD). Commonly used LTP and LTD protocols occur on dendritic spines, which are small outpocketings off
increase/decrease synaptic strength typically by about 40%.the dendritic shaftHering and Sheng, 2001; Nimchinsky
LTP and LTD have been most extensively studied in vitro, et al., 2002. Dendritic spines vary from one to several mi-
but they have both been produced in vivo as well. The rel- crometers in length, and are typically no more thauni
evance of these cellular phenomena to learning has beerwide, with a narrower neck where the spine connects to the
supported by an increasing number of studies in which ge- dendritic shaft. Spines volume varies frond.01 to 1um?.
netic or pharmacological manipulations that affect LTP or Dendritic spines are highly labile in embryonic and early
LTD produce parallel changes in learning abilities in exper- neonatal neuronsD@iley and Smith, 1996 and become
imental animals (e.gMiller and Mayford, 1999; Tang et al., more stable in adult tissu®(naevsky et al., 1999; Lendvai
1999; Yin and Tully, 199% et al., 2000. But even in tissues slices derived from adult
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brain, changes in spine size and configuration have been obinvolved in the phosphorylation cascade associated with
served in response to stimulated activity. LTP, including MAP kinase, PI3 kinase, tyrosine kinases,
Dendritic spines are thought to serve chiefly as small en- protein kinase C, and CaM kinase 1'84nes and Lichtman,
closed spaces providing a microenvironment within which 1999; Sheng and Kim, 2002
[Cat]i can locally reach high levels with a minimum Activation of these and possibly other protein kinases
of transmembrane €& flux (Hering and Sheng, 2001; triggers a complex molecular response comprising both
Nimchinsky et al., 2002 Optical imaging of [C&']; has short-term and long-term mechanisms. Phosphorylation
shown that levels are indeed higher in the dendritic spines of AMPA glutamate receptors immediately increases”Na
than in the dendritic shaft, and increases indQaresulting flux during synaptic activation, and insertion of additional
from activation of individual synapses are largely restricted AMPA receptors into the postsynaptic membrane further
to single dendritic spinesS@batini et al., 2001; Yuste et al., augments this effectB@rry and Zziff, 2002; Carroll et al.,
2000. Diffusion of C&* from spine to shaft is thought 2001; Lisman et al., 2002; Luscher and Frerking, 2001
to be attenuated by the narrowness of spine necks and théThe phosphorylation cascade also induces translation of
presence of Ca buffers in the spine cytosol(ste et al., particular mRNAs already resident in the vicinity of the
2000. postsynaptic density, resulting in immediate synthesis of a
The levels of [C&"]; achieved as a result of synaptic acti- number of proteins including CaMKIJpb and Eberwine,
vation are not entirely a result of direct ainflux through 2001; Soderling, 2000 Phosphorylation of transcription
the NMDA receptor ion channel. In addition, voltage-gated factors such as cyclic AMP response element-binding pro-
C&* channels (VGCCs) in dendritic spines and shafts opentein (CREB) activates nuclear transcription of relevant
as a result of postsynaptic depolarization, further increasinggenes and thus increases protein syntheSisagla et al.,
[Ca?t]i (Sabatini et al., 2001; Sjostrom and Nelson, 2002; 1998:; Silva et al., 1998; Yin and Tully, 19R6These newly
Yuste et al., 2000 These include: (1) high-voltage-activated synthesized proteins must then be transported to specific
R-type and L-type C& channels which open only in re- synapses targeted for potentiation, a process that may in-
sponse to strong depolarization to above AP threshold; andvolve tagging of the relevant synapsdsdy and Morris,
(2) low-voltage-activated T-type €& channels which open  1998. The targeted synthesis of new proteins in turn makes
transiently in response to smaller, subthreshold depolariza-possible long-term changes in synapse size, shape, and
tion. These C&" channel types are differentially distributed number Cohen-Cory, 2002 Further details of the response
throughout the dendritic arborM@gee and Johnston, mechanisms thought to be involved in LTP can be found in
1995a,h. L-type C&t channels predominate in the cell the articles cited throughout this section.
soma and proximal dendrites (within about 30@ of the
cell soma). T-type and R-type €achannels predominate  3.2. Long-term depression (LTD)
in more distal dendrites, more than 10 from the cell
soma. In dendritic spines, R-type €achannels appear to Stimulation of neocortical and hippocampal presynaptic
predominate in CA1 neurons in the hippocampBakatini inputs at low frequency (1-5 Hz for several minutes) induces
and Svoboda, 2000 while N-type, P/Q-type, and T-type not LTP but LTD Kemp and Bashir, 2001 The exact pro-
channels are found in layer V neocortical pyramidal neurons tocol for inducing maximal LTD differs according to the
(Schiller et al., 1998 age of the animal and the brain region, but the capacity for
Increases in [CH]; may further be augmented by LTD is present in adult tissue and in a wide variety of brain
Catt-induced release of Ga from intracellular stores.  regions. The necessary condition for inducing LTD is acti-
Smooth endoplasmic reticulum is found in dendritic shafts vation of a specific synapseithoutgeneration of an AP in
and even some dendritic spine3p@acek and Harris, 1997 the postsynaptic neuron.
thus C&*-induced C&' release (CICR) can theoretically Two main classes of LTD have been identified, one de-
be specific to individual spines. The degree to which CICR pendent on activation of NMDA glutamate receptors and
contributes to stimulus-induced increases in {Qa is the other dependent on activation of metabotropic glu-
still controversial, perhaps because the contribution variestamate (mGlu) receptorsCho and Bashir, 2002; Nicoll
among cell types and brain regiori®ifzuto, 2001; Svoboda et al., 1998; Oliet et al., 1997 Both of these forms of
and Mainen, 1999 LTD are C&t-dependent, but the source of Ladiffers.
Increases in [C&]; cause potentiation of PSPs by In NMDA-dependent LTD, release of glutamate activates
activating protein kinases in the postsynaptic density. NMDA receptors, apparently triggering low levels ofca
The most important protein kinase in this regard is influx even when postsynaptic depolarization is below the
Ca&*-calmodulin-dependent protein kinase 1l (CaMKIl) threshold for AP generationkémp and Bashir, 2001
(Malenka and Nicoll, 1999; Soderling, 20Q0which is Activation of VGCCs also contributes to the levels of
activated by autophosphorylation in the presence &f'Ca  [Ca?']; associated with this form of LTDGhristie et al.,
and phosphorylates other proteins for as long as it itself 1997; Otani et al., 2002; Wang et al., 199%Group Il
remains phosphorylated=ihk and Meyer, 2002; Lisman mGlu-dependent LTD has likewise been shown to depend
et al., 2002. Other protein kinases are also thought to be on activation of T-type VGCCgliet et al., 1997, as well
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as inositol-triphosphate mediated release of intracellular nels Hoffman et al., 199y, Before they are inactivated, these
C&t (Otani et al., 200p channels open in response to depolarization of the dendritic

The increases in [Gd]; associated with LTD are both membrane, and the resultant efflux of Kttenuates the de-
smaller and longer lasting than those associated with LTP polarization. The presence of activateable A-type ¢han-
(Cho et al., 2001; Cormier et al., 2001t is currently nels in dendrites interferes with AP backpropagation both by
hypothesized that LTD occurs when the ¢} is in the reducing the magnitude of depolarization and by increasing
high nanomolar range, while micromolar concentrations of membrane conductance. When, however, these channels are
C&t produce LTP Kemp and Bashir, 2001 Lower lev- inactivated, AP backpropagation spreads more efficiently
els of [C&#']; cause synaptic depression because at thesefrom the cell soma to the most distal dendrites. The duration
concentrations Gd predominantly activates protein phos- of inactivation of A-type K- channels is roughly consistent
phatases rather than protein kinasEfgérsma and Silva,  with the duration of the time window within which an AP
1999; Isaac, 2001; Moult et al., 2002; Winder and Sweatt, must occur following a PSP in order to induce LTD.
2001). As a result, phosphorylation of the proteins associ-  Optical imaging of [C&']i has shown that levels increase
ated with the above-described postsynaptic molecular cas-in individual dendritic spines in association with subthresh-
cade (se&ection 3.} reducegheir activity yan Dam et al., old PSPsKovalchuk et al., 2000; Mainen et al., 199%hile
2002, thus producing a molecular response that is equiva- AP backpropagation causes more widespread increases in
lently complex to that of LTP but in the opposite direction, both spines and the dendritic shaftogster and Sakmann,
including, for example, internalization of AMPA glutamate 1998; Schiller et al., 1998Increases in [C&]; caused by
receptors Beattie et al., 2000; Snyder et al., 200And in- AP backpropagation are, however, higher in the dendritic
deed, LTD-inducing stimulations applied immediately after spines than in the adjacent shalogster and Sakmann,
LTP have been shown to reverse the LTP, a phenomenon1998, suggesting that the €& influx occurs largely as
referred to as depotentiatiokémp and Bashir, 2001 a result of VGCCs in the spines themselv&aljatini and

If the critical difference between LTP and LTD is in- Svoboda, 2000; Schiller et al., 1998Nhen an AP fol-
deed that smaller increases in f¢4 activate phosphatases, lows immediately after a PSP, there is supralinear summa-
thereby producing LTD, then an involvement of T-type#€a tion of the increases in [Ga];, producing levels that are
channels in LTD is reasonable. As notedSaction 2 these significantly higher than those produced by either stimulus
channels are activated transiently by small depolarizationsalone Koester and Sakmann, 199&ccurrence of an AP
of the neuronal membrane. They are therefore ideally suitedimmediately before a PSP, on the other hand, causes the
to produce small increases in [€3; in response to sub-  PSP-induced increase in [€4; to be attenuated. Thus, the
threshold depolarizations that occur when a synapse or grougphenomena associated with STDP are consistent with the
of excitatory synapses is activated, without thereby depo- above-described relationship betweenygaand induction
larizing the cell to the threshold for generating an action of LTP or LTD.
potential.

3.4. Retrograde signaling in synaptic plasticity
3.3. Spike-timing-dependent plasticity (STDP)
The above-described mechanisms of LTP, LTD, and STDP

As noted inSection 3.1LTP can be induced by pairing all involve changes in the postsynaptic neuron in response
PSPs in specific synapses with generation of an AP in theto coincidence or non-coincidence of PSPs and APs. There
postsynaptic neuron. To be effective, this pairing must oc- is, however, increasing evidence that changes to presynap-
cur within a narrow time window, with the AP occurring tic nerve terminals also occur in association with synaptic
within 20 ms after the PSP. If, on the other hand, the AP plasticity. If these presynaptic changes are Hebbian, then the
occurs less than 20 ntseforethe PSP, LTD is induced in-  postsynaptic neuron must secrete some signaling molecule
stead Magee and Johnston, 1997; Markram et al., 1997; in response to coincidence or non-coincidence of PSPs and
Sjostrom and Nelson, 20D2This phenomenon, referred to  APs, which diffuses across the synaptic cleft and acts on
as spike-timing-dependent plasticity (STDP) is consistent the presynaptic terminal—a mechanism known as retrograde
with the idea of a Hebbian synapse in that a PSP is only signaling. Given that synaptic vesicles are not observed
likely to contribute to generation of an AP when it occurs in postsynaptic densities, retrograde signaling must involve
immediately before the AFB{ and Poo, 200L Occurrence ~ molecules that are released by a non-vesicular mechanism.
of a PSP milliseconds after an AP instead indicates that the A number of such molecules have been identified, some of
presynaptic neuron is not effectively synchronized with the which have been shown to be involved in synaptic plasticity.
circuits whichare effective in triggering an AP in the post- More presumably await identification.
synaptic neuron. Nitric oxide (NO) is synthesized in neuronal postsynap-

The phenomena of STDP are thought to be consequencesic densities, diffuses in all directions away from the site of
of the nature of AP backpropagation through the dendritic synthesis, and readily crosses cell membranes. It is therefore
arbor. According to one hypothesis, production of PSPs in not dependent on cell-surface receptor proteins, like most
dendrites briefly inactivates A-type voltage-gatetl ghan- neurotransmitters, but instead acts directly on intracellular
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molecules Bogdan, 2001; Kiss and Vizi, 20Q1lts actions rotrophins are nerve growth factor (NGF), brain-derived neu-
in target cells are complex, being mediated through a num- rotrophic factor (BDNF), and neurotrophin-3 (NT3). These
ber of NO-related free radicals, and acting on a variety of molecules act on target cells by binding to tyrosine ki-
proteins, the full extent of which is presumably still un- nase (Trk) receptors and a pan-neurotrophin (p75) receptor
known Bogdan, 200L Among the known target proteins (Barker and Shooter, 1994; Greene and Kaplan, 1995
are a number of transcription factors, and therefore NO re-  There is evidence that neurotrophins act in both an antero-
lease influences gene expression in nearby cells. NO hagrade manner and a retrograde manAdiaf and DiStefano,
been implicated in mechanisms of synaptic plasticity, partic- 1998; Tao and Poo, 20D1Retrograde release is involved
ularly during brain developmenBicker, 2001; Contestabile, in the maintenance of synaptic connections, as postsynap-
2000; Grassi and Pettorossi, 2001; Mize and Lo, 2000 tic neurons release neurotrophins, which then bind to recep-
Given the freedom with which NO diffuses, its rate of re- tors on the presynaptic nerve terminblleerssen and Segal,
lease from a cell is a simple function of the rate at which it 2002. One mechanism of action involves internalization of
is synthesized. NO is synthesized franarginine by nitric a ligand—Trk receptor complex that is transported down the
oxide synthase. The neuronal form of this enzyme (nNOS) axon to the cell body, where the presence of this complex ac-
is activated by increases in [€d; (Griffith and Stuehr, tivates synthesis of proteins involved in maintaining synaptic
1999, such as those mediated by NMDA glutamate recep- connections\(Vatson et al., 1999 Release of neurotrophins
tors Garthwaite and Boulton, 1995nNOS is closely as- by postsynaptic neurons is activity-dependent, and there is
sociated with NMDA receptors in the postsynaptic density evidence that neurotrophin release plays a permissive role
because they are both attached to the postsynaptic densityn LTP (Schinder and Poo, 20D0
protein PSD95 Brenman and Bredt, 1997Thus, NO ap- The retrograde actions of NO, endocannabinoids, and neu-
pears to be merely one more element of the molecular re-rotrophins have been reviewed because these molecules have
sponse mechanism associated with NMDA-mediated LTP. attracted attention as mediators of synaptic plasticity. In the
Endocannabinoids are a family of molecules that are case of NO and endocannabinoids, the role of postsynaptic
synthesized from membrane phospholipidsngeri, 1999; [Ca2t]i in triggering release suggests that these molecules
Elphick and Egertova, 20Q,land thus pass to the outside are components of the molecular response mechanism as-
of the cell membrane without being packaged in vesicles. sociated with NMDA receptor-mediated LTP. Since NMDA
They act predominantly by binding to G-protein-coupled receptor-mediated increases in fCh are currently the only
receptors in target cell membranddatsuda, 199) CB1 known mechanism for signaling coincidence between presy-
endocannabinoid receptors have been identified in presy-naptic and postsynaptic activation, it has been suggested that
naptic terminals Katona et al., 1999, 200, enabling the activity-dependent release of neurotrophins is similarly
endocannabinoids to function as retrograde messengersCa-dependentRoo, 200}, although it should be noted
(Ohno-Shosaku et al., 20pBynthesis of endocannabinoids that other as-yet-undescribed mechanisms for signaling co-
is driven by increases in [4]; resulting from activation of incidence may exist. In support of that possibility, a form
NMDA and/or metabotropic glutamate receptdds {larzo of LTP observed in mossy fiber synapses in the hippocam-
et al., 1998. pus exhibits a weak dependence on postsynaptic membrane
Endocannabinoids have been implicated in both short-termpotential, and yet is independent of postsynaptic3{Qa
and long-term synaptic plasticity. They appear to be (Zalutsky and Nicoll, 199D
largely responsible for mediating a phenomenon known as A number of recent studies have suggested that presy-
depolarization-induced suppression of inhibition, in which naptic mechanisms are involved in LTRntonova et al.,
depolarization of a postsynaptic neurons inhibits further 2001; Arancio et al.,, 2001; Castillo et al., 2002; Eder
release of GABA from a presynaptic termind(réitzer et al.,, 2002; Zakharenko et al., 200and group | mGlu
and Regehr, 2001; Wilson and Nicoll, 2Q0Endocannabi-  receptor-mediated LTDRaas et al., 2002; Fitzjohn et al.,
noids have also recently been implicated in extinction of 2001; Watabe et al., 2002; Zakharenko et al., 2002
aversive memoriesMarsicano et al.,, 2002and in medi- only one of these studies has it been suggested that the
ating presynaptic mechanisms of LTE¢rdeman et al., effects are independent of postsynaptic {CJa (Fitzjohn
2002; Robbe et al., 2002Given the dependence of endo- et al., 200}, and so these findings are largely consistent
cannabinoid release on [€4;, this demonstration of the  with the idea that retrograde mechanisms are merely part
involvement of endocannabinoids in LTD may once again of the above-described €a-dependent molecular response
merely elaborate the molecular response mechanism associeascade.
ated with NMDA-mediated and/or metabotropic glutamate
receptor-mediated LTD.
Neurotrophins comprise a group of molecules that are re- 4. Evidence for a link between sleep and synaptic
quired for the establishment and maintenance of synapticplasticity
connections during brain development, and are also involved
in synaptic plasticity in the adult brain.éwin and Barde, There are several categories of experiments suggesting a
1996; Poo, 2001 The most thoroughly investigated neu- role for sleep in synaptic plasticity. These include findings
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suggesting that: (1) learning procedures, which presumably Smith, 1985, 1996 More recently,Datta (2000)reported
promote synaptic plasticity, alter subsequent sleep; (2) sleepincreases in REM sleep and nonREM—REM transitional
enhances or sleep loss diminishes processes such as learstates following conditioned avoidance learning in the rat.
ing and memory that entail synaptic plasticity; (3) synthesis Interestingly, task acquisition was positively correlated with
of genes and proteins required for synaptic plasticity actu- the number of PGO waves occurring in both REM and
ally takes place in sleep; and (4) sleep and sleep loss modifynonREM—REM transitional sleep, suggesting that the puta-
synaptic strengths and patterns of synaptic connectivity. Ourtive beneficial effects of REM sleep on mnemonic processes
review of these experiments focuses primarily on results in may depend more on changes in REM-sleep phasic events
experimental animals, since mechanisms of synaptic plas-than on absolute REM-sleep amounts.

ticity have best been described in these species. There is less consensus, however, regarding the timing of
post-learning REM-sleep augmentation. Hennevin reported
4.1. Learning, memory, and sleep that the increases in REM sleep were most acute in the first

90 min following a learning task. Other investigators, how-

The idea that sleep somehow reorganizes or consoli- ever, have reported more prolonged post-learning enhance-
dates memories acquired during waking has been hotly ments of REM sleep in mice and rat8l¢ck et al., 1981;
debated by researchers for many ye&toc¢k et al., 1981, Hennevin et al., 1995; Smith, 1985, 1995 mith, for ex-
Ellman et al., 1991; Fishbein and Gutwein, 1981; Hobson ample, reported 4 h ‘windows’ of REM-sleep augmentation
and Stickgold, 1995; Horne, 2000; Maquet, 2001; Siegel, occurring as much as 17-20 h after a learning t&skith,
2001; Stickgold et al., 2001; Vertes and Eastman, 2000 1985, 199%. Indeed, precisely when REM-sleep windows
Beginning in the 1970s, a large number of studies (primarily occur has varied dramatically depending on the strain of rat,
in rodents) suggested a positive effect of sleep on learningthe type of learning task, and whether a massed or distributed
and memory Eishbein and Gutwein, 1981; Hennevin et al., learning protocol has been usesihgith, 1985, 1996
1995; Pearlman, 1981Undoubtedly influenced by the per- To a lesser extent, rodent studies have also shown changes
ceived association between REM sleep and dreaming popu-n nonREM-sleep amounts and architecture following expo-
lar at the time, the majority of these investigations focused sure to enriched environmentSrfith, 1985, 199®r learn-
on REM sleep. Findings from these studies can be generallying tasks, in some cases coincident with increases in REM
organized into two broad categories that are most germanesleep Giuditta et al., 1995; Horne, 2000; Piscopo et al.,
to post-learning synaptic plasticity. First, sleep amounts—in 2001). Rats trained on a two-way active avoidance task dis-
particular REM sleep—are reported to increase following played longer episodes of nonREM sleep, particularly those
a learning task, or exposure to “enriched” environments episodes that contained a subsequent transition to REM
known to trigger synaptic remodeling. Second, SD fol- sleep (‘'SS—-PS': slow-wave sleep to paradoxical sleep), in
lowing a learning task, particularly during periods when the post-learning period. This effect was most pronounced
augmented REM sleep is predicted to occur, impairs taskin rats that quickly learned the task, although it was also

acquisition. observed to a lesser degree (and occurred at slightly dif-
ferent times) in ‘non-learning’ ratAmbrosini et al., 1992;

4.1.1. Learning and REM-sleep augmentation Giuditta et al., 199p The increases in SS—PS episodes were

Following Lucero’s initial demonstration of increased positively correlated with task acquisition in the learning rats

REM sleep after maze learning in the rau€ero, 1970, a (Langella et al., 1992 These increases in SS—PS episodes,

number of investigators have reported REM-sleep augmen-and their correlation with task acquisition, were more pro-
tation in animals following a variety of learning or exposure nounced at certain times than others, in a manner reminis-
to enriched environments tasklgck et al., 1981; Fishbein  cent of the REM-sleep windows reported Bynith (1985,

and Gutwein, 1981; Hennevin et al., 1995; Pearlman, 1981; 1995) Subsequent studies by these investigators showed that
Smith, 1985, 1996 Hennevin and colleagues reported transitional sleep states also correlated with task acquisition
post-learning increases in REM sleep in rats and cats fol- (Mandile et al., 200)) which is in general agreement with
lowing both massed and distributed learning, in negatively the results of other investigatorB4dtta, 2000; Schiffelholz
reinforced (aversive stimuli paired with incorrect choice) and Aldenhoff, 200R

and positively reinforced (reward paired with correct choice)  Some studies have shown similar augmentation in sleep
tasks, indicating a general effect of learning demands on amounts or sleep architecture in humans following learning
subsequent REM sleep. The post-learning increase in REMtasks, although in general these effects tend to be more vari-
sleep appeared to be associated with task acquisition, asable and smaller in size than those reported in animals. For
it was no longer observed once the task was mastered.example, increases in REM-sleep amounts and REM density
Increases in REM sleep also appear to be triggered byhave been reported following learning in several human stud-
‘challenging’ tasks, since simple learning paradigms gen- ies (Peigneux et al., 2001 Evidence for REM-sleep win-
erally failed to induce REM-sleep augmentatidtefinevin dows in humans is less commonly reported, but studies from
et al., 199%. Many of these findings have been replicated in two different laboratories have shown similar REM-sleep
the rat and mouse by other investigatoPeériman, 1981;  enhancements within a single night and across several nights
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following learning tasks$mith and Rose, 2000; Stickgold, tionally related, with more rapid task acquisitiokgndile
1999. Changes in nonREM sleep, however, are less fre- et al., 2000; Vescia et al., 1996
quently reported in humans. Positive correlations between
the number of nonREM-REM sleep cycles and memoriza- 4.1.2. Sleep deprivation and learning
tion of word lists are reported by MazzoViézzoni et al., A more direct approach to establishing a role for sleep in
1999. Maze learning has been shown to increase stage 2mnemonic processes is to deprive animals of sleep following
sleep and EEG spindles in subsequent sleep (reviewed ima learning task. If sleep is necessary for memory consolida-
Peigneux et al., 20Q1and similar increases in EEG spin- tion, then learning should be impaired in sleep-deprived ani-
dles are reported following memorization of word lisBafs mals. In fact, with a few notable exceptioriSigquet-Verrier
et al., 2002 and are positively correlated with memory per- and Smith, 1989; Smith, 1996SD appears to profoundly
formance. Interestingly, stage 2 nonREM sleep, which is interfere with learning and memory consolidation in mice
particularly rich in EEG spindles, is reported to be positively and rats, with the greatest effects reported in ‘demanding’
correlated with the acquisition of a motor skiWalker et al., learning tasks that presumably require more complex cogni-
2002. Fischer et al. (2002however, using a similar motor  tive processingglock et al., 1981; Pearlman, 1981; Smith,
skill learning task, found performance positively correlated 1985, 199%. A large, but somewhat less consistent, body of
with REM sleep time. findings suggests that SD can also impair human learning
While the effects of learning on sleep are intriguing, a and memory Reigneux et al., 2001
number of caveats are worth considering. First, as pointed To what extent sleep loss per se accounts for the reported
out by several investigators, the learning environment may learning deficits has been, and continues to be, fiercely
be stressful, especially in cases of aversive-conditioning, debated Fishbein, 2000; Maquet, 2001; Siegel, 2001;
and stress has been shown to increase sleep amountStickgold etal., 2001; Vertes and Eastman, 2080r exam-
(Horne, 2000; Siegel, 2001This appears to be a potential ple, the above studies are often criticized because controls
confound in some of the earlier studies, but more recent for the secondary effects of SD or training, the specificity
findings are not so easily explained in terms of stress. For of the effect (e.g. REM sleep versus nonREM sleep) and
example, Hennevin and colleagues reported that the in-additional factors (circadian effects, time-dependent versus
creases in REM sleep in learning rats were not found in sleep-dependent processes) are not always incorporated in
non-learning rats exposed to similar environmental stimuli the experimental desigidorne, 2000; Siegel, 2001; Vertes
(pseudo-conditioned), suggesting that non-specific effectsand Eastman, 2000In addition, the effects of sleep on
of the learning task (stress, motor activity) were unrelated learning are highly task-dependent, and vary considerably
to REM-sleep augmentatiotdénnevin et al., 1995; Smith,  within and across animal specieBgjgneux et al., 2001;
1999. Similar findings were reported Hyatta (2000) who Smith, 1985, 1996 Nor is it yet clear what sorts of mem-
found that pseudo-conditioned animals receiving the sameories are specifically accessed and/or possibly consolidated
number of aversive stimuli as conditioned animals did not in REM sleep and nonREM slee¢igneux et al., 2001;
display similar changes in PGO-wave activity. Nor does Siegel, 200}); a problem only compounded by the difficulty
stress appear to be an important factor in human studies,in generalizing learning/memory tasks across animals and
where in general small amounts of SD and benign tasks humans.
have been used. The chief criticism of the animal studies is that SD is
A second issue is whether the reported correlation be- stressful, and stress has dramatic effects on learning and
tween learning and subsequent change in sleep reflects aynaptic plasticity. The techniqgue commonly used to deprive
functionally important link between the two events. In the animals of REM sleep (the ‘pedestal’ or ‘flower-pot’ tech-
case of REM-sleep enhancements, for example, height-nique) involves placing the animal on an elevated platform
ened cholinergic activity in some rat strains might lead to over a pan of water. While on the pedestal, the animals are
increased learning ability and heightened REM sleep, with- able to obtain nonREM sleep, but REM sleep is suppressed,
out the augmentation in post-learning REM sleep being since at onset of REM-sleep atonia, the animal contacts the
in any way involved in consolidating learning. This alter- water. Other techniques of SD, such as gentle handling or
native explanation would explain the strain-dependencies forced locomotion are also associated with increases in glu-
in REM-sleep windows, and the observation that baseline cocorticoid releaseTpbler et al., 198B
REM-sleep time is positively correlated with learning abil- A second concern is that the observed deficits in learn-
ity in specific inbred lines of miceRagel et al., 1973 ing tasks following SD may merely reflect deficits in
A co-segregation of functionally unrelated behaviors may performance at re-test due to fatigue, depressed mo-
also account for other changes in sleep architecture ob-tivation or a state-dependent failure to recall material
served after learning. For example, the specific sleep se-learned in one state (REM-sleep-deprived) while in another
guences shown to correlate with learning are observed in(post-deprived) Klorne, 2000; Siegel, 2001; Vertes and
post-learningand baseline sleep, suggesting that changes Eastman, 2000 Indeed, as reviewed b€oenan (2000)
in post-acquisition sleep reflect innate patterns of sleep studies using more innocuous methods of SD fail to show
architecture that co-segregate, but are not necessarily funcsleep-deprivation-related deficits in learning and memory,
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and in some cases strong state-dependency of learning andifferent forms of memory processing. Disruption of either
retrieval/recall at re-test was reported in sleep-deprived REM sleep or nonREM sleep can impair learning of both
animals Giegel, 200} declarative and non-declarative tasRgigneux et al., 2001,

In response to this criticism, investigators have attempted Stickgold, 1998; Stickgold et al., 20pbut the exact contri-
to control for the non-specific effects of SD in their exper- bution of each state to each form of learning is not yet clear.
iments. Peariman (1981)eported that simply immersing For example, REM-sleep disruption across a night of sleep
rodents in cold water (following a learning task) did not has been reported to impair non-declarative learnitayii
produce the deficits in learning obtained from selective et al., 1994, but similar results have been reported fol-
REM-sleep deprivation (RSD). In subsequent studies, Pearl-lowing ‘early’ SD, which primarily reduces nonREM sleep
man was able to separate performance and state-dependeriGais et al., 2000 Contradictory findings are also reported
factors by using shorter periods of RSD, spaced at var- for non-declarative motor skill learning, with some inves-
ious times distant from the learning task (an extinction tigators finding positive correlations between performance
paradigm following bar-press learning in the rat). Presum- and stage 2 nonREM sleew/alker et al., 200g, while oth-
ably, if the reported deficits in learning following SD were ers find similar correlations only with REM sleepigcher
due to non-specific effects on performance or retrieval, et al., 2002. Other findings in human indicate that stage 2
then they should be most acute when the SD is closer tononREM sleep, nonREM and REM sleep, or the number
re-test. Pearlman reported that 5h of RSD immediately of noOnREM—REM cycles participate in non-declarative and
after training impaired learning to levels seen after three declarative learning, respectivelfPdigneux et al., 2001
days of RSD. However, rats allowed to sleep for 5h be- A second troubling finding from the human literature is
fore the RSD showed no impairments at re-test. In other the apparent absence of cognitive deficits in individuals
experiments, the deficits in learning did not appear to be who, either through medication, or brain lesions, have no
due to state-dependent differences at test and re-test, sincer little REM sleep (reviewed inSiegel, 2001; Vertes and
RSD during the extinction phase of the experiment did not Eastman, 2000 In response to this criticism, other in-
restore normal performance. vestigators have pointed out these individuals have rarely

The former results from these studies are consistentbeen tested in learning tasks that appear to be primarily
with results from Smith, who found that RSD during 4h REM-sleep dependengfickgold et al., 200 an argument
REM-sleep windows, but not during other times, impaired that is somewhat undermined by the contradictory findings
learning. This was true even when the total amount of RSD described above.
in animals deprived at times other than the REM-sleep win-
dow exceeded the 4h of RSD during the windd8mth, 4.2. Neurochemical changes in sleep
1995; Smith and Rose, 20P0These effects were unlikely
due to performance deficits at re-test since the effects were Sleep may also contribute to synaptic plasticity by pro-
noted several days after the RSD, which would seem to moting the synthesis of biomolecules necessary for the
provide ample time for the secondary effects (fatigue, mo- consolidation of waking experience. Although sleep is
tivation) to subsideFishbein (2000has also reported that, generally associated with decreases in neurotransmitters
in contrast to the findings cited iyoenan (200Q)more be- known to promote plasticity, it is possible that neurohu-
nign forms of SD still result in learning deficits or changes moral factors important for synaptic reorganization are
in memory processing that are independent of performancepreferentially released during sleeprgeger and Obal,
confounds at re-test. Recent preliminary findings froa 2002. As suggested bRBuzsaki (1996)the transient eleva-
Hoste et al. (2002)indicate that sleep-deprivation-induced tions of neuronal C& concentrations typical of nonREM
stress is not related to Morris water maze learning in the sleep may trigger the transcription of genes important for
rat. In this study, investigators controlled stress hormone synaptic remodeling. In other tissues, sleep is associated
release using adrenalectomy combined with corticosteronewith the release of growth factors that trigger growth and
pellet implantation. The pelleted rats showed learning gene expressiorCauter and Spiegel, 1989To what extent
deficits following SD, despite the total absence of increases sleep exerts similar effects on the brain is unknown, but we
in stress-hormone release. consider this possibility in the following sections.

In contrast to studies in animals, stress appears to be an
unlikely factor in human studies employing SD. With the 4.2.1. Sleep and RNA/DNA synthesis
exception of some early studies that used prolonged SD, A possible role for sleep in the synthesis of biomolecules
the majority of recent studies use small amounts of SD important for synaptic plasticity was initially investigated
that are unlikely to produce large amounts of stre&Saig by studying the synthesis of DNA and RNA during dif-
et al., 2000; Karni et al., 1994; Stickgold et al., 2D0M ferent vigilance states or after SBrabrosini et al., 1988;
addition, as opposed to rodents, motivational and emotional Balestrieri et al., 1980 Giuditta et al., 1980a,b, 1985
factors are more easily assessed and controlled in humansVitale-Neugebauer et al., 19) Estimates of DNA and RNA
A more salient and unresolved issue in the human litera- synthesis were based on measurements of the turnover of ra-
ture is determining the precise role of each sleep state indioactive elements incorporated into nuclear or cytoplasmic
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nucleotides. Studies in rabbits showed positive correlations 2000a,h. Similar results have been reported in studies using
between RNA synthesis in purified nuclear fractions of neo- in situ hybridization Pompeiano et al., 199and RT-PCR
cortical neurons and EEG synchronization during sleep. Theand PCR techniquesTdishi et al., 200l The expression
increase in RNA synthesis was observed in the large, nu-of many of these plasticity-related genes is mediated by
clear portion of the fractions, indicating that the sleep norepinephrine, which is released at its lowest levels during
effects were restricted to neurons and astroglia, but the rel-sleep Cirelli and Tononi, 2000a Moreover, the phospho-
ative contribution of each cell type could not be determined rylated form of the CREB transcription factor protein is
(Giuditta et al., 1980a Further investigations in the neu- present at higher levels after periods of waking than periods
ronal fractions showed that the positive correlations betweenof sleep Cirelli and Tononi, 2000g as are general levels
EEG synchronization and RNA synthesis were primarily of protein phosphorylation at serine and threonine residues
restricted to the nucleus of the ceBiiditta et al., 1980p (Cirelli and Tononi, 1998a Based on these results, some
Less consistent findings were reported in studies inves-investigators have concluded that sleep does not promote
tigating the relationship between DNA synthesis, SD, and synaptic remodelingTononi and Cirelli, 2001p
post-learning sleep amounts. In one study using shuttle-box Other findings, however, suggest that under certain condi-
avoidance training, post-learning REM-sleep amounts weretions sleep can promote the expression of genes importantin
negatively associated with DNA synthesis (primarily in the plasticity. While the majority of transcripts are up-regulated
cerebellum and brainstem) imon-learningrats Giuditta by waking, a small fraction are up-regulated by sle@jpd]li
et al., 198%. These studies were extended in a series of in- and Tononi, 2000a The function of these mRNAs is un-
vestigations that examined the effects of sleep, total SD (via known, but it is plausible that some of them may influ-
amphetamine), or selective REM SD (via clomipramine) on ence synaptic plasticity. For examplgishi et al. (2001)
DNA synthesis during two-way active avoidance learning reported that warm ambient temperatures known to increase
(Ambrosini et al., 1988 Although a number of significant  sleep in the rodent increased expression in hippocampus and
correlations were reported between DNA metabolism and cerebral cortex of the plasticity-related gek@MP-9. Al-
certain sleep parameters, the investigators were unable tahough vigilance states were not directly assessed in this
replicate their earlier results in non-learning rats. study, the up-regulation dfIMP-9 mRNAs appeared to re-
While intriguing, the interpretation of these studies is quire sleep, since its expression was decreased by gentle
less than straightforward. The presence of increased RNAhandling. A REM-sleep-dependent activatioredf268has
following sleep does not a priori indicate a sleep-dependentbeen reported in rats following exposure to enriched envi-
increase in substances involved in synaptic remodeling ronments, and following hippocampal LTRibeiro et al.,
since the identity of the mRNA transcripts is unknown. The 2002. Interestingly, the expression aif-268 in the lat-
post-hoc treatments of the data, though exhaustive, gen-ter study was observed in several extrahippocampal areas,
erally do not reveal clear connections between sleep andsuggesting a progressive activation of this gene along the
DNA/RNA metabolism. Moreover, the use of aversive con- hippocampal-neocortical network during REM sleep. Thus,
ditioning indicates that stress may account for some of the it is possible that while basal expression of plasticity-related
purported sleep effects in non-learning rats because thesegenes predominantly occurs during wakefulness, a more re-
animals receive more aversive stimuli than learning animals. stricted up-regulation of these genes may occur during sleep
The interpretation of thémbrosini et al. (1988)3ata are in circuits undergoing synaptic remodeling.
further complicated by the use of pharmacological agents
that may directly impact DNA/RNA metabolism. Neverthe- 4.2.3. Sleep and protein synthesis
less, these studies are noteworthy because they represent In addition to influencing gene transcription, sleep may
some of the first attempts to link sleep to molecular changesalso promote the translation of these genes into their active

in the brain. proteins. This was initially investigated by measuring the
incorporation of radioactive amino acids into newly formed
4.2.2. Sleep and gene expression proteins during REM SDRobillier et al., 1971; Shapiro

More recent investigations have used modern molecularand Girdwood, 19811 The results of these studies were
techniques, such as polymerase chain reaction (PCR), insomewhat contradictory, with Bobillier et al. reporting that
situ hybridization, and microarray technology, to investigate REM SD had no effects on in vitro protein synthesis, while
a role for sleep in the synthesis of substances important for Shapiro and Girdwood using a similar REM SD paradigm
synaptic plasticity. Studies using a combination of mMRNA found small decreases in in vivo protein synthesis, chiefly
differential display and cDNA microarrays have shown in the cerebellum. Further studies in rodents and monkeys
that many genes known to influence synaptic plasticity are demonstrated positive correlations between cerebral protein
up-regulated by wakefulness or SD and down-regulated by synthesis and nonREM sleeggkanishi et al., 1997; Ramm
sleep Cirelli, 2002 Tononi and Cirelli, 2001a)b These and Smith, 199D
include genes for subunits of the AMPA and NMDA glu- Several findings indicate that some proteins synthesized
tamate receptors, two protein kinases, calmodulin, BDNF, during sleep can influence synaptic plasticity. Neurogranin
the TrkB receptor, and other€igelli and Tononi, 1998b, is a member of the calpacitin protein family, and through its
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interactions with C&" and calmodulin is thought to mod- ~ Wilson and McNaughton, 1994but have shown that pairs
ulate synaptic plasticityGerendasy, 1999; Gerendasy and of hippocampal neurons whose activity is correlated during
Sutcliffe, 1997. Dendrin, like neurogranin, is densely con- a learned behavior are more likely to show correlated activ-
centrated in dendrites in neocortical and hippocampal neu-ity in nonREM sleep subsequent to than prior to the training
rons. While the function of dendrin is unknown, its close period Kudrimoti et al., 1999; Wilson and McNaughton,
association with postsynaptic densities in dendritic spines 1994, and that the temporal sequence of neuronal firing
strongly suggests an important role for dendrin in synaptic during waking is preserved in subsequent nonREM sleep
plasticity (Neuner-Jehle et al., 1996A sleep-dependentin-  (Lee and Wilson, 2002; Skaggs and McNaughton, 1996
crease in the synthesis of these proteins has not been demonnterestingly, the replay of hippocampal firing during non-
strated conclusively, but is suggested by findings that 24 h REM sleep has been reported to occur at an accelerated rate
sleep deprivation reduces neurogranin and dendrin proteins(“time-compressed”) during nonREM sleep, and can be de-
in the cerebral cortexNeuner-Jehle et al., 1995, 1996 tected as long as 24 h after the task-specific activation of
Sleep loss has also been reported to affect concentrathese neurons during prior wakingifase, 2001; Kudrimoti
tions of the neurotrophins NGF and BDNBréandt et al., et al., 1999; Lee and Wilson, 2002; Nadasky et al., 3999
2001; Sei et al., 2000 In one study, 6h total SD com- Sleep-dependent neuronal reactivation may also occur in the
bined with whisker trim in the rodent (a stimulus for synap- cerebral cortexVyazovskiy et al. (2000jeported that uni-
tic remodeling in sensory cortex) had differential effects on lateral whisker stimulation in the rat increased EEG spectral
NGF expression in neocortical neurons. NGF expression wasenergies in the hemisphere contralateral to the stimulated
up-regulated in the hemisphere receiving input from the in- whiskers during subsequent sleep. Reactivation of specific
tact whiskers, but was unchanged (relative to basal levels) inwaking patterns of neuronal firing has been reported in the
the hemisphere receiving input from the cut whiskers. The cortex in rodents@in et al., 1997 and primatesHoffman
interpretation of these findings is difficult, but they do sug- and McNaughton, 20Q2and in related structures in the ze-
gest an interaction between sleep, synaptic remodeling andbra finch brain Dave and Margoliash, 2090although in
NGF expressionRrandt et al., 200l A specific role for the latter two studies the type of sleep necessary for this
REM sleep in the synthesis of neurotrophins was reported reactivation was not determined.
by Sei et al. (2000)In this study, 6 h of REM SD (using To what extent reactivation occurs during REM sleep is
gentle handling) reduced BNDF protein in the cerebellum not yet clear. For exampl®avlides and Winson (1989-
and brainstem, and decreased NGF protein in the hippocam-ported increased firing of previously active neurons during
pus. However, as was true for the studies of neurogranin andsubsequent REM sleep. It has also been reported that activity
dendrin, a direct sleep-dependent increase in the synthesipatterns in multiple neurons over periods of 1-2 min of REM

of BDNF and NGF during sleep was not reported. sleep are significantly correlated with activity patterns in the
same set of neurons duringsabsequentraining session,
4.3. Reactivation of neuronal activity patterns in sleep and in most cases the REM-sleep spike trains are temporally

compressed or expanded (“speeded up” or “slowed down”)

The case for a role for sleep in promoting synaptic by factors of up to 2.5L{ouie and Wilson, 2001 Other in-
plasticity has been strengthened in recent years by reportsvestigators, however, have found no evidence for enhanced
that patterns of neuronal activity (or metabolism) present neuronal firing or reactivation during REM sleep following
during waking are “reactivated” during subsequent sleep (or preceding) waking experiencEydrimoti et al., 1999,
in birds @ave and Margoliash, 2000; Dave et al., 1998 and no evidence for a temporal expansion of REM-sleep
rodents Hirase, 2001; Kudrimoti et al.,, 1999; Lee and spike trains Kudrimoti et al., 1999; Nadasky et al., 1999;
Wilson, 2002; Louie and Wilson, 2001; Nadasky et al., Poe et al., 2000 One possible explanation for these con-
1999; Pavlides and Winson, 1989; Poe et al., 2000; Qin tradictory findings may be that neuronal reactivation during
et al., 1997; Skaggs and McNaughton, 1996; Wilson and REM sleep is modulated by the background hippocampal
McNaughton, 199% primates Hoffman and McNaughton,  theta oscillationPoe et al. (2000)eported that hippocam-
2002 and humansl(aureys et al., 2001; Maquet et al., pal neurons previously active during waking are reactivated
2000. This sleep-dependent “reactivation” has been hy- during REM sleep in a manner that is highly dependent upon
pothesized to contribute to the consolidation of changes in their temporal phase position in theta oscillations. Neurons
neuronal circuitry triggered by waking experiene{fman that were activated during a well-rehearsed, maze-running
and McNaughton, 2002; Wilson and McNaughton, 1994  task tended to fire at the troughs of the theta wave in subse-

Interest in sleep-dependent reactivation of previously ac- quent REM sleep. However, when a new maze-running task
tive circuits increased following an initial report in rats was introduced to the same animals, neurons that were acti-
that hippocampal neurons activated during a waking period vated during the novel task tended to fire at the peaks of the
displayed increased activity during subsequent REM sleeptheta wave. These results suggest that neuronal connections
and nonREM sleepRavlides and Winson, 1989Subse- are modified during REM sleep in a manner that provides
guent studies in the rodent hippocampus have failed to repli- for the strengthening of newly acquired memories and the
cate these findingsHjrase, 2001; Kudrimoti et al., 1999; eroding of older ones.
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Several recent studies in humans have provided addi-during wakefulness induced LTP, while stimulation during
tional evidence for use-dependent neuronal reactivation dur-slow-wave sleep did not. Slightly different results were re-
ing sleep. In an experiment quite similar to that performed ported byBramham and Srebro (1989)ho found highly
in the rat,Kattler et al. (1994)have shown that mechan- variable changes in dentate gyrus responses when perforant
ical stimulation of one hand leads to an increase in EEG path stimulation was delivered during slow-wave sleep. In
slow-wave activity in corresponding somatosensory cortex most cases, this stimulation produced no change in neuronal
during subsequent nonREM sleep. A similar enhancement offiring, but in some cases LTD, or more rarely LTP, was ob-
EEG spectral energies in temporal cortex in nonREM sleep served. In contrast, perforant path stimulation routinely pro-
has also been reported following acoustic stimulation dur- duced LTP in the dentate gyrus when applied during waking
ing waking Cantero et al., 20020ther investigators using and REM sleep, and this change in neuronal efficacy was
functional neuroimaging have extended these EEG-baseddetected during subsequent sleep states, suggesting a trans-
findings. Studies using positron emission tomography (PET) fer of neuronal changes elicited during REM sleep to other
have shown that brain areas previously active during a se-vigilance statesgramham and Srebro, 1989n subsequent
rial reaction time task are reactivated in subsequent REM studies,Bramham et al. (1994also showed that perforant
sleep Maquet et al., 2000 Subsequent PET studies have path stimulation during post-learning REM-sleep-induced
also shown greater functional connectivity between several LTP, while similar stimulation during post-learning waking
neocortical areas during REM sleep following learning, sug- did not, suggesting that REM sleep may especially facilitate
gesting a sleep-dependent “optimization” of neocortical net- changes in neuronal circuitry following learning.
works dedicated to particular learning tasksureys et al., Taking a slightly different approachiennevin et al.
2001). (1995) and Maho and Hennevin (2002khowed that

These findings, while interesting, should be interpreted changes in neuronal firing elicited by a classical condition-
with some caution. With regard to the ensemble recordings ing paradigm could be reinstated during REM sleep upon
of single-unit activity in the hippocampus and neocortex, presentation of the conditioned stimulus, indicating that
the effects are statistically significant but often small. For information acquired during waking was ‘available’ to the
example, during sleep-dependent reactivation, the amountbrain during REM sleep. Moreover, associative learning can
of variance in neuronal activity that can be statistically ac- be induced during REM sleep (using non-awakening con-
counted for by prior waking experience (explained variance) ditioned and unconditioned stimuli), but not in slow-wave
represents a fraction of the total variance (12-15%), and thissleep Hennevin et al., 1995; Maho and Hennevin, 2002
explained variance rapidly diminishes during subsequent In agreement with the results froBramham and Srebro
sleep episodesioffman and McNaughton, 2002; Kudrimoti  (1989) this associative learning was in some instances
et al., 1999. Nadasky et al. (1999using similar ensemble  transferred to the waking statel¢nnevin et al., 1995
recordings in the hippocampus, but different analytical tech- The fact that LTP can be induced during sleep is par-
nigues, also showed statistically significant but small effects. ticularly important in light of recent genetic findings that
The fact that only a fraction of ongoing neuronal activity pat- suggest that synaptic plasticity can only occur during
terns during sleep represents reactivation does not precludevaking (Cirelli and Tononi, 2000a Nevertheless, a few
an important role for this activity in mnemonic functions. points are worth considering. First, the fact that plasticity
However, there is presently no evidence that reactivation can be artificially induced during REM sleep does not, of
during sleep isunctionallyinvolved in synaptic remodeling  course, indicate that synaptic remodeling normally occurs
or processes dependent on synaptic remodeling. The reacduring natural REM sleep. Second, the findings that LTP,
tivation that does occur could be a mere epiphenomenon ofor associative learning, can be induced in REM sleep and
changes in synaptic strengths achieved during prior learn-transferred across similar states (waking and REM sleep)
ing activity, without contributing to further consolidation of might be explained in terms of state-dependent storage and
those changes. For example, the strongest nonREM-sleemccess of memory. Given that REM sleep and waking are
reactivations demonstrated typically decay over a period of quite similar in terms of neuronal activity and acetylcholine
10-30 min following training sessions, which is consistent levels, one might expect that information acquired in one
with the idea that these associations represent an effect of thestate would be available to the other, without there being
molecular mechanisms linked to early-LTP but not late-LTP. any particular functional relationship between the two.

There is currently only one published report (in adult an-
4.4, Sleep, sleep deprivation, and synaptic plasticity imals) on the effects of SD on LTRampbell et al. (2002)
investigated the effects of 12h SD on CA1 hippocampal

Another line of evidence suggesting a role for sleep in LTP evoked by stimulation of Schaffer collaterals in vitro.
synaptic plasticity comes from studies examining the ef- LTP was significantly reduced in brain slices obtained from
fects of sleep and sleep loss on LTP and LT@onard sleep-deprived rats compared to control rats. To what ex-
et al. (1987)using white-matter stimulation of the perforant tent this diminishment of LTP was due to sleep loss per
path combined with granule cell recording in the dentate se, or to non-specific effects of the sleep-deprivation is not
gyrus of the hippocampus in vivo, reported that stimulation clear. Stress hormones were significantly elevated in the
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sleep-deprived rats to levels known to impair this form of small-platform”), Shaffery et al. (2002yeported that 1

synaptic plasticity. week of RSD extended the critical period for this develop-
mentally regulated form of LTP in visual cortex. This type

4.5. Sleep and developmentally regulated synaptic of LTP was readily observed slices of visual cortex from

plasticity RSD rats at ages P34-40, when it is not normally found.

An extension of the critical period was not observed in neo-

In a variety of mammalian species, sleep amounts are cortical slices from control rats that were left in their nests,
greater during neonatal periods of rapid brain developmentor from rats placed on slightly larger platforms that have in
and synaptic plasticity than at any other time of lifggnk other studies been shown to permit REM sleep. However, a
and Heller, 1997; Jouvet-Mounier et al., 1970; Roffwarg non-developmentally regulated form of LTP evoked by layer
et al., 1968. Consequently, if sleep contributes to synaptic 1V stimulation was not affected by RSD. The effects of RSD
plasticity, one would expect this to be especially true in de- on developmentally regulated LTP were similar to effects
veloping animals. This issue has been investigated primarily produced by dark-rearing, which also prolongs the period
in the developing visual system, which is exquisitely sensi- of susceptibility to this form of LTPShaffery et al., 2002
tive to experience during critical periods of development. A role for sleep in developmental cortical plasticity has

Pompeiano et al. (199%ported that total SD (nonREM also been demonstrated in vivo. In addition to its anatom-
REM sleep) combined with monocular deprivation (MD) ical effects in the LGN, MD during the critical period for
augmented the effects of MD on lateral geniculate (LGN) visual-system development induces rapid changes in neo-
cell morphology. The results of this study, however, are dif- cortical responses to the two ey&sank et al. (2001inves-
ficult to interpret since the amount of visual experience was tigated the role of sleep in this process by combining MD
not equal across sleeping and sleep-deprived cats, and veryith periods of ad lib sleep or SD. Cats at the peak of the
little quantitative data on sleep architecture were presented.critical period were divided into four groups, all of which
More persuasive evidence for a role for sleep in subcorti- had one eye closed and were kept awake in a lighted envi-
cal plasticity was provided by combining various forms of ronment for 6 h. This MD period provided a standard stim-
selective RSD, or deprivation of REM-sleep PGO waves, ulus for the induction of plasticity in all groups. The four
with MD. Using the pedestal technique of RSDksenberg groups differed in their experience thereafter. Cats in the first
et al. (1996 demonstrated that 1 week of RSD in kittens en- group (MD6) were immediately prepared for physiological
hanced the effects of MD on cell morphology in the binocu- measurement of ocular dominance in primary visual cortex
lar segment of the LGN. LGN neurons innervated from the using extracellular unit recordings and optical imaging of
deprived eye were smaller when RSD was combined with intrinsic neocortical signals. Cats in a second group (MDS)
MD compared to MD alone, resulting in a greater disparity were allowed to sleep for an additional 6 h in complete dark-
in the size of LGN cells activated by the open and deprived ness before physiological measurements were made. Cats in
eyes. An increase in LGN cell-size disparity has also been the third group (MDSD) were treated identically to those in
reported when MD is combined with brainstem lesions that the MDS group except that they were gently sleep deprived
eliminate PGO waves—in this case, LGN cells receiving in complete darkness during the 6 h before the physiological
input from the open eye were reported to increase in size measurements were made. Cats in the fourth group (MD12)
(Shaffery et al., 1999 RSD combined with MD also re-  were also kept awake for additional 6 h but remained in a
duces cell sizes in the monocular segment of the LGN, which lighted environment, giving them additional 6 h of monoc-
is normally unaffected by competitive interactions between ular deprivation before physiological measurements.
the two eyes $haffery et al., 1998 In addition, RSD for These experiments determined: (1) whether the effects of
1 week decreases immunoreactivity for the?Gainding MD were enhanced by subsequent sleep (MD6 compared
protein parvalbumin in GABAergic interneurons in the de- to MDS); (2) whether the enhancement of plasticity ob-
veloping LGN Hogan et al., 2001 Interestingly, neuronal  served was due to sleep or merely a time dependent process
stores of parvalbumin influence certain forms of synaptic that could occur in any vigilance state (MDS compared to
plasticity Cailllard et al., 200 Together these results in- MDSD); and (3) whether the procedure used to sleep deprive
dicate that REM sleep may influence plasticity in the LGN the cats itself directly inhibited ocular dominance plasticity
during critical periods of visual-system development. (MD12 compared to MDSD).

A role for REM sleep has also been found in a de-  Both extracellular unit recordings and optical imaging of
velopmentally regulated form of LTP during the critical intrinsic neocortical signals showed that sleep greatly en-
period for visual-system development. In this type of hanced the synaptic changes induced by a preceding period
LTP, high-frequency white-matter stimulation in neocorti- of MD, while wakefulness in complete darkness did not.
cal slices obtained from juvenile rats (postnatal days (P) Moreover, no brain state other than sleep is known have
28-30) produces LTP in upper neocortical layers, an effect such enhancing effects on ocular dominance plasticity, since
that wanes with age (P35, and is not observed in adult anesthetic states and neocortical inactivation actusily-
neocortex Kirkwood et al., 1995 Using a less stress- pressocular dominance plasticity-(eeman, 1979; Imamura
ful version of the pedestal technique of RSD (“multiple and Kasamatsu, 1991; Rauschecker and Hahn, 1987; Reiter
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et al., 1988. While it was not possible to determine the pre- and the evidence that sleep may facilitate synaptic plas-
cise contribution of REM sleep and nonREM sleep in this ticity, we will now consider possible explanations foow
effect, the enhancement of neocortical plasticity was pos- sleep could facilitate synaptic plasticity. In this section, we
itively correlated with nonREM-sleep amounts, suggesting will consider possible connections between neural events in
an important role for nonREM sleep in the rapid neocortical sleep and the molecular mechanisms of synaptic plasticity,
synaptic remodeling elicited by MOF¢ank et al., 20011 focusing only on events taking place within single neurons.
Although the findings discussed in this section suggest In Section 6 we will then consider how the network inter-
that sleep may influence synaptic plasticity, a number of actions among neurons characteristic of nonREM sleep and
considerations should be kept in mind. First, manipulations REM sleep could be involved in the process. Throughout
performed in one sleep state may also influence neuralour discussion, we will intentionally describedrange of
processing in other vigilance states as well, making it hypothetical explanations, without advocating narrowly for
difficult to determine which vigilance state is responsible any particular one. Our intent in doing so is to map out as
for the observed effects. For example, RSD increases no-many potential connections as possible, each one of which
radrenergic activity in the central nervous systelmvif could then be tested experimentally. A broad approach such
et al.,, 1999; Porkka-Heiskanen et al., 139%hich in- as this is appropriate given that there is at present little spe-
creases signal detection in sensory neurons during wakingcific evidence to establish the validity of any particular con-
(Aston-Jones et al., 1999; Smiley, 199BSD can also alter  nection between sleep and synaptic plasticity on the level of
nonREM-sleep architecture (increasing sleep fragmenta-molecular mechanisms.
tion and suppressing deeper stages of nonREM sleep) even
when total nonREM-sleep amounts are preser@mk(sma 5.1. C&" influx in sleep and synaptic plasticity
et al., 1990; Brunner et al., 1993; Endo et al., 199hus,
in experimental designs that use prolonged RSD combined In light of the material reviewed irSections 2 and,3
with periods of sensory input, the observed changes in plas-the obvious connection between neural events in sleep and
ticity may result from RSD itself, altered neural processing the molecular mechanisms of synaptic plasticity i$Cia-
during waking, or disruption of nonREM sleep. flux. The key ion channel responsible for producing rhyth-
A second consideration is the role of non-specific effects mic neuronal activity in nonREM sleep is the T-type?Ca
of SD on developmental synaptic plasticity. As discussed channel, which is open at the peak of each rhythmic cycle.
above, even gentle forms of SD can increase stress hormone3he key protein in mediating activity-dependent synaptic
that in turn can alter plasticity depending on the timing, plasticity is the NMDA glutamate receptor, which produces
duration and intensity of the stressful eveAbfaham and synapse-specific G4 influx associated with both LTP and
Kovacs, 2000; Sapolsky, 19R6Consequently, itis notclear  LTD.
if the effects of selective RSD in the kitten reflect purely ~ The potential role of C& in linking these two processes
sleep-dependent processes, or the non-specific effects ohas of course been alluded to by other writers in the field
stress. Stress, however, does not appear to be a factor if{Buzsaki, 1998; Sejnowski and Destexhe, 20@Llt given
studies using SD combined with in situ LTP, immunohis- the complexity of molecular mechanisms of synaptic plas-
tochemical assays of &a-binding proteins (parvalbumin) ticity, it is not at all obvious how Ca influx through T-type
or neocortical plasticity in vivo. In the case of tBhaffery C&* channels in nonREM sleep would influence ongoing
et al. (2002)study, the chronic stress hormone release plasticity processes. As noted$ection 3.1C& influx un-
induced by long-term RSD might be expected to impair derlying synaptic plasticity is synapse-specific, and involves
susceptibility to LTP. It is also unlikely that stress associ- a particular combination of & sources, including NMDA
ated with RSD down-regulates parvalbumin in the LGN. receptors, VGCCs, and possibly CICR from smooth endo-
Increases in stress hormones have no effect on parvalbumirplasmic reticulum. Locally high levels of [&4]; produce
concentrations in the hippocampus—a brain area highly LTP, as when PSPs immediately precede APs, while lower
sensitive to circulating glucocorticoid level&rQigers et al., and longer-lasting levels of [G4]; are thought to produce
1996; Sapolsky, 1996Moreover, the acute release of stress LTD, as when APs immediately precede PSPs.
hormones elicited by very short periods of SD tends to  C&™" influx during rhythmic activity in nonREM sleep
enhance, not impair synaptic plasticity, and is probably un- occurs because neurons are tonically hyperpolarized in
related to the loss of plasticity in sleep-deprived cats and thethat state and T-type €& channels are therefore able to
enhancement of plasticity in cats allowed to sleep reported de-inactivate. C& influx occurs at fairly regular intervals
by Frank et al. (2001) in each neuron during the depolarized phase of the rhyth-
mic response sequence. The effect of this pattern éf Ca
influx on synaptic plasticity will depend on a number of
5. Facilitating synaptic plasticity on the cellular level factors of which we are still largely uncertain. How high
is [C&]; during periods of C&" influx when neurons are
Having briefly reviewed the neurobiology of sleep and rhythmically active? How exactly is G4 influx distributed
waking, the molecular mechanisms of synaptic plasticity, throughout a neuron’s dendritic arbor? Are T-type’Ca
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channels located in dendritic spines, on dendritic shafts, or be reduced or eliminated during waking, when these chan-
in both places? Do a high proportion of a neuron’s T-type nels are inactive. LTD is as important as LTP for plasticity
C&*t channels open during each rhythmic depolarization or in neural circuits, as what matters dsfferential strength-

is there a more heterogeneous distribution of‘Cimflux? ening of synapsedHgbb, 1949. Hence, the occurrence of
Answers to these questions will determine whethef'Ca LTP at some synapses is functionally unremarkable unless
influx during rhythmic neuronal activity is likely to pro- there is an absence of potentiation and even depression at
duce LTP, LTD, a combination of both, or neither. And the other synapses. So hypothetically, plasticity processes oper-
distribution of LTP and/or LTD in a neuron in relation to ative during waking may potentiate synapses in proportion
ongoing plasticity processes initiated during prior waking to their efficacy in promoting APs, with little or no depres-
will determine whether synaptic plasticity driven by rhyth- sion of inefficacious synapses. In nonREM sleep, by con-
mic neuronal activity in sleep reinforces or antagonizes trast, T-type C&" channel-mediated LTD of synapses that

waking-related synaptic plasticity. are least effective in promoting APs may then restore the
proper balance of synaptic strength in neural circuits. The
5.2. T-type C&" channels and LTD occurrence of synchronized activity in neural circuits dur-

ing nonREM sleep would presumably enhance this process
There is some evidence for an involvement of T-typé'Ca by more markedly differentiating between more versus less
channels in LTP (se&ection 3.}, but the preponderance efficacious synapses (s&ection §.
of evidence links T-type Ca channels to the mechanisms The hypothesis that LTD is more prevalent during sleep
of LTD (seeSection 3.2 Experiments have demonstrated a than waking is consistent with the findings reviewed in
requirement for functioning T-type €& channels in both  Section 4.2.2concerning gene expression in sleep and wak-
NMDA-related and mGlu-related forms of LTD. As noted ing. In those studies, reductions in expression of a number of
earlier, this makes sense given that T-typé‘Cehannels are  genes associated with LTP, as well as reductions in the phos-
activated transiently by small, subthreshold depolarization, phorylation of the CREB transcription factor protein and in

and so are ideally suited to producing a low-levefCsignal general levels of protein phosphorylation, have been taken

when PSPs are not immediately followed by APs. as evidence that synaptic plasticity is inhibited in sleep rel-
It should be noted that the experiments reviewed in ative to waking Tononi and Cirelli, 2001p But these find-

Section 3may not reveal the full role of T-type &a ings are equally compatible with the hypothesis that sleep

channels, since those channels inactivate rapidly and arepromotes synaptic plasticity by enabling the occurrence of
only de-inactivated following membrane hyperpolarization. LTD, as all of the molecular phenomena associated with the
Thus, these channels are only functionally available under phosphorylation cascade of LTP would hrtagonizedoy
specific circumstances. In many in vitro studies, experimen- promotion of LTD. This hypothesis is also consistent with
tal conditions are such that resting membrane potential is toothe findings described iBection 4.5suggesting that synap-
depolarized to permit T-type €& channels to de-inactivate.  tic remodeling induced by MD is specifically enhanced by
The plasticity processes produced using such protocolsnonREM sleep Krank et al., 2001 since the process of
manifestly do not rely on the involvement of T-type&a MD-induced synaptic remodeling is thought to require LTD
channels, but it is nevertheless entirely possible that T-type (Rittenhouse et al., 1999
C&t channels would modulate plasticity were they func-  One caveat concerning the above hypothesis is that T-type
tional. In vivo studies of LTP and LTD in unanesthetized C&* channels are not by any means ubiquitous in the mam-
animals are most commonly performed during waking, malian central nervous system. They are found on CA1 pyra-
when T-type C&" channels are inactivated by acetylcholine midal neurons in the hippocampusigher et al., 1990; Kay
and other neuromodulators. In anesthetized animals, T-typeand Wong, 1987; Magee and Johnston, 1995a; Mogul and
C&t channels may or may not be activated, depending on Fox, 1993, which have been the focus of much research on
the anesthesia used and treatment conditions. Two studiesynaptic plasticity. In piriform cortex, they are found in a
which have assessed synaptic plasticity in nonREM sleephigh proportion of principle neurons in deep layers (lll and
in vivo have reported suppression of LTP and/or some oc- IV) but in few pyramidal neurons in layer 1Bfevi et al.,
currence of synaptic depression following a relatively mild 2001; Magistretti and de Curtis, 1998 he laminar distri-
stimulus (eight spikes at 400 Hz) which in waking produced bution of these channels in other cortical areas requires fur-
LTP (Bramham and Srebro, 1989; Leonard et al., 3987 ther study. Any direct, sleep-related modulation of synaptic
Given that one obviously distinctive feature of nonREM plasticity involving these channels would necessarily be re-
sleep is that T-type Ga& channels are active (in fact, the stricted to those neurons in which they are expressed.
occurrence of rhythmic activity maximizes and regularizes  The cellular localization of T-type G& channels varies
the involvement of these channels), one possible hypothe-in different classes of neurons. In neurons of thalamic relay
sis is that in vivo, LTD occurs predominantly in nonREM nuclei, a large fraction of T-type €& channels appear to
sleep. The fact that both NMDA-related and mGlu-related be localized to the cell soma, as substantial T-type conduc-
forms of LTD appear to require T-type €achannels (see  tances can be recorded from neurons with truncated den-
Section 3.2 suggests that the occurrence of LTD should dritic arbors Coulter et al., 1989; Hernandez-Cruz and Pape,



J.H. Benington, M.G. Frank/Progress in Neurobiology 69 (2003) 71-101 87

1989; Suzuki and Rogawski, 1989n neurons of the retic-  nels, depolarizing membrane potential and increasing mem-
ular nucleus of the thalamus, however, conductances medi-brane resistance, thereby making neurons more active and
ated by T-type C& channels are substantially reduced in responsive. In waking, norepinephrine and serotonin release
neurons with truncated dendritic arbors, suggesting a pre-further contribute to this effect, while in REM sleep neurons
dominantly dendritic localization in these cellduyguenard are activated by acetylcholine alone. In the hippocampus,
and Prince, 1992 In CAl pyramidal cells in the hippocam-  high levels of acetylcholine release produces theta frequency
pus, T-type and/or R-type €& channels also appear to be activity in both REM sleep and periods of waking character-
largely dendritic, and are preferentially located in more dis- ized by exploratory behaviors. While levels of acetylcholine
tal parts of apical dendrites, 1@0n and more from the cell  release are similar in waking and REM sleep, release in
soma Christie et al., 1995; Isomura et al., 200agee REM sleep is slightly higher in the hippocampus and slightly
and Johnston, 19953,tMore work needs to be done to es- lower in the neocortex, relative to wakinilarrosu et al.,
tablish the cellular localization of T-type €achannels in 1995.

other cell types, particularly in neocortical pyramidal neu-  Given the above, cellular mechanisms of synaptic plas-
rons, but these findings already suggest that the functionalticity in REM sleep should be fairly equivalent to those
roles of these channels may vary among different classesoccurring in waking. As such, it is difficult to imagine

of neurons. Thus, the effects on synaptic plasticity of acti- how, on the cellular level, REM sleep could serve a spe-
vating these channels during rhythmic neuronal activity in cial function in facilitating synaptic plasticity. Conceivably,

nonREM sleep may vary as well. the slight differences in neuronal activittHgbson and
Steriade, 1986 metabolic activity Franzini, 1992, and
5.3. T-type C&' channels and LTP acetylcholine releaséMarrosu et al., 1996between wak-
ing and REM sleep could be significant, but it appears at
While there is more evidence linking T-type €achan- present that those differences are rather subtle. Alterna-

nels to LTD than LTP, we should not entirely neglect the tively, the dramatic decrease in release of norepinephrine
possibility that these channels play a more subtle, permissiveand serotonin in REM sleep\éton-Jones and Bloom, 1981;
role in synaptic plasticity, perhaps modulating the process Jacobs, 1986; Lydic et al., 1987; McGinty and Harper,
in specific ways when they are active in nonREM sleep. As 1976 could influence the cellular mechanisms of synaptic
noted above, T-type and/or R-type&achannels are pref- plasticity in REM sleep. As noted iSection 4.2.2expres-
erentially located in more distal parts of apical dendrites in sion of plasticity-related genes appears to be reduced in

CA1 pyramidal cells in the hippocampu€lfristie et al., the absence of norepinephrine release in cerebral cortex,
1995; Isomura et al., 200Magee and Johnston, 1995p,b  suggesting that decreased norepinephrine release in REM
It has been hypothesized that the small increase #f @a sleep would be unlikely to promote LTP, but it could (by

flux produced by activation of these channels may help to analogy to our discussion iBection 5.2 promote a greater

overcome the biophysical implications of having synapses degree of LTD relative to LTP. The fact that LTP can be

situated so far from the somMagee and Johnston, 1995a  produced during REM sleeBamham and Srebro, 1989;

This hypothesis is consistent with recent reports that in CA1 Hennevin et al., 1995does however indicate that, at the

hippocampal pyramidal neurons, effective synaptic strength very least, reduced norepinephrine release in that state does

does not scale with distance from the soma as it has been thenot eliminate LTP altogether.

oretically expected toStricker, 2002; Stricker et al., 1986 The above considerations do not preclude possible roles
It is therefore possible, that under the specific cellular for REM sleep in facilitating synaptic plasticity on tinet-

physiological conditions of nonREM sleep, activation of work level. These are discussedS$ection 6.2

T-type C&* channels subtly increases the degree of depo-

larization and C&" influx produced by both PSPs and back-

propagating APs, thereby promoting LTP under conditions 6. Facilitating synaptic plasticity on the

in which it would not normally occur. However, the small network level

amount of available evidence concerning the occurrence of

LTP in nonREM sleep contradicts this hypothe&isgmham The hypotheses presented $ection 5address the neu-
and Srebro, 1989; Leonard et al., 1987 rophysiological characteristics of nonREM sleep and REM
sleep only from the cellular perspective. This is worthwhile
5.4. Cellular events of REM sleep and synaptic as a starting point, but it is only part of the picture. The
plasticity rhythmic activity produced in each neuron during non-

REM sleep by the activation of T-type €achannels and
As noted inSection 2 REM sleep is electrophysiologi- their interactions with other ion channels causes in turn
cally very similar to waking. In both states, neurons through- a heightened synchronization of activity in neuronal net-
out the thalamus, cerebral cortex, and other brain regions areworks in the thalamus, cerebral cortex, and other brain
tonically depolarized and produce APs at a high rate. In both regions. This synchronization is the cause of the charac-
states, high levels of acetylcholine release block ¢han- teristic high-amplitude waveforms observable in the EEG
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during nonREM sleep, which were reviewed $ection 2 According to this model, LTP will occur in synapses be-
Synchronization of neuronal activity in networks also oc- tween more highly synchronized pairs of neurons (as a result
curs during REM sleep, when oscillations in the theta of NMDA-mediated C&" influx in the postsynaptic neu-
range occur in the hippocampus and other brain regions.ron), while LTD will occur in synapses between less highly
REM sleep is also characterized by the irregular bursts of synchronized pairs of neurons (in whichanflux in the

synchronized activity known as PGO waves. postsynaptic neuron is mediated only by T-typéCahan-
Synchronization of presynaptic release of transmitter and nels). The precise timing of presynaptic versus postsynaptic
postsynaptic depolarization is, as note&ection 3the hall- AP generation should further determine whether synapses

mark of Hebbian synaptic plasticity. It is therefore reason- are potentiated or depressed, as a result of the occurrence
able to suppose that the heightened synchronization whichof STDP (reviewed irSection 3.3. Synapses will be poten-
occurs in specific neural circuits in nonREM sleep and REM tiated when release of transmitter by a presynaptic neuron
sleep may promote synaptic plasticity in ways that potentiate immediately precedes generation of an AP in the postsynap-
or antagonize the plasticity initiated in waking in response tic neuron, and depressed when release of transmitter im-
to specific patterns of sensory stimulation. This basic idea mediately follows generation of an AP in the postsynaptic
has been the inspiration for some rather complex models ofneuron.

memory functions performed by sleep, involving intercon-  Thus, the resultant plasticity in neural circuits during
nections among multiple brain regiorBuzsaki, 1989, 1996,  synchronized activity could be determined by rather subtle
1998; Hasselmo, 1995; Sejnowski and Destexhe, PE$ resonances that emerge as excitatory and inhibitory interac-
fore we consider these models, let us first discuss on a moretions between neurons produce specific temporal patterns of
elemental level how synchronized activity in nonREM sleep synchronization. And it is worth noting that synaptic plas-
and/or REM sleep could be expected to influence synapticticity resulting from such network interactions would not

plasticity initiated during waking. necessarily be restricted to those neurons with intrinsically
bursting properties. It may also occur in other neuronal
6.1. Synchronized neuronal activity in nonREM sleep types that are recruited, as a consequence of network events,

into the large scale oscillations typical of nonREM sleep

NonREM sleep is characterized by a variety of forms of (Sanchez-Vives and McCormick, 200This is in contrast to
synchronized, rhythmic activity in neurons in the cerebral the cellular-level hypothesis discussedSection 5 accord-
cortex, thalamus, and other brain regions (Seetion 2. ing to which promotion of LTD in nonREM sleep would be
Slow waves in the delta frequency range (0.5-4Hz) pre- limited to those neurons expressing T-type#Cahannels.
dominate in the deepest stages of nonREM sleep, but A number of recent findings are consistent with the
in lighter stages of nonREM sleep, these are mixed above-described hypothesis. The delta waves of nonREM
with sigma waves (7-14Hz) and very slow oscillations sleep are preferentially observed in extragranular layers of
(<1Hz). Delta and sigma oscillations are characterized by the cortex Rappelsberger et al., 1982which appear to
depolarization-induced &4 influx through T-type C&" be sites of heightened plasticity (LTP and LTD) in both
channels, alternating with hyperpolarizations lasting up to the developing and adult brairHéynen and Bear, 2001,
hundreds of milliseconds. During each period of€an- Trachtenberg et al., 200 Spontaneous waves of syn-
flux, neurons generate one action potential or a burst of chronized activity similar to nonREM-sleep oscillations
several action potentials at high frequency (up to 800 Hz). contribute to synaptic remodeling during early develop-
High-amplitude voltage deflections are produced in surface ment Penn and Shatz, 199&nd axonal sprouting fol-
EEG recordings because the depolarizations and burstdowing neocortical lesions in adult animal€drmichael
of action potentials are synchronized in networks of neu- and Chesselet, 20D2Artificially induced and spontaneous
rons Qestexhe et al., 199%pas a result of excitatory and  spindles in thalamocortical relay cells produce augmenting
inhibitory interactions. responses in target neocortical neurons, both in vivo and

In Section 5.2we introduced the hypothesis that T-type in vitro (Houweling et al., 2002; Steriade, 1999; Steriade
C&t channels may be required for LTD, and therefore that and Amzica, 1998; Timofeev et al., 200Moreover, arti-
de-inactivation of these channels as a result of the hyperpo-ficially induced patterns of stimuli reappear spontaneously
larization that occurs in nonREM sleep may permit LTD to in the frequency of spindle oscillations, indicating that,
occur in nonREM sleep at a level not found in waking. But at least under these conditions, ‘memories’ of previous
the synchronization of single action potentials and bursts activity patterns can be transiently stored in neocortical
that also occurs in nonREM sleep should additionally cause circuits (Steriade, 2001 It also appears that thalamocorti-
LTP to occur in synapses between neurons whose activity iscal spindles powerfully depolarize postsynaptic dendrites
maximally synchronized. In such cases, coincidence of PSPsin neocortical neurons, a situation that favors®Cantry
and APs in synapses of the postsynaptic neuron will causein the activated dendriteSgjnowski and Destexhe, 2000
NMDA-mediated C&" influx, increasing [C4&']; to levels Although the effects of delta waves on dendritic?Caly-
far above that produced by T-type &achannels alone, just  namics are still undetermined, it is likely that they too result
as it does in waking or any other brain state. in dendritic depolarization and inward &acurrents.
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What would be the significance of this type of network- extent we are yet able to analyze neuronal activity in hip-
level plasticity for the cognitive function of sleep? Cog- pocampal circuits, REM sleep appears to exhibit network
nitively oriented hypotheses have been proposed in which properties similar to those of waking. So it is not clear how
sleep either reinforces patterns of synaptic activity devel- synaptic plasticity occurring during REM sleep could serve
oped in waking Kavanau, 1994, 1996, 199@r serves to a special function unlike that of the synaptic plasticity oc-
maintain synapses that were relatively unstimulated in prior curring during exploratory waking. The fact that serotonin
waking (Krueger and Obal, 1993; Krueger et al., 1995, and norepinephrine are released in hippocampal circuits in
1999. Which of these would occur depends on whether waking but not in REM sleep could conceivably cause the
the patterns of spike-timing produced by synchronized neu- process of synaptic plasticity to function somewhat differ-
ronal activity in nonREM sleep tend to replicate patterns ently in the two states, but what exactly this difference would
observed in prior waking or run counter to waking-related be, if any, is not yet clear. And the findings of Cirelli and
patterns. The findings reviewed Bection 4.3demonstrate  Tononi in the neocortex (sekection 4.2.psuggest that de-
that, in some instances at least, activity patterns observedcreases in norepinephrine release should inhibit rather than
in prior waking are indeed “reactivated” in subsequent non- promote synaptic plasticity. At best, therefore, the only ad-
REM sleep. On the face of it, these findings would appear to vantage of theta activity in REM sleep, as regards facilita-
support the idea that network events in nonREM sleep rein- tion of synaptic plasticity, appears to be an incremental in-
force synaptic plasticity initiated in waking, but it is not yet crease in the daily duration of this process. Whether 1-2h
clear whether the reactivation observed is in fact functionally of REM sleep per day accomplishes anything noteworthy in

significant. this regard remains to be determined.
Another form of synchronized neuronal activity observed
6.2. Synchronized neuronal activity in REM sleep in REM sleep is PGO waves, which are driven by intense

bursts of synchronized activity in pontine neurons that prop-

In our discussion irSection 5.40f how REM sleep may  agate through excitatory connections to the lateral geniculate
facilitate synaptic plasticity on the cellular level, we argued nucleus and visual cortexCalvo and Fernandez-Guardiola,
that neuronal response properties in REM sleep and waking1984; Datta, 1997; Siegel, 200(Matta has proposed that
are so similar that it is difficult to imagine what could be these may facilitate network-level synaptic plasticity in the
accomplished in REM sleep that could not be accomplished regions to which they propagate, based on the findings that
equally well in waking. This same argument applies to a prior training in an avoidance task increases PGO-wave den-
lesser extent on a network level as well. In the hippocam- sity in subsequent REM sleepétta, 2000. Certainly, such
pus and some associated brain regions, synchronized activbursts of activity are well suited to increase fC} in target
ity in the theta (4—8 Hz) frequency range dominates in REM neurons, both through synapse-specific mechanisms and by
sleep. Theta activity is also observed in waking, during ex- increasing the probability of AP backpropagation. However,

ploratory behaviors. electrophysiological phenomena resembling PGO waves are
Synaptic plasticity could be facilitated in REM sleep in observed during eye movements in waking as w&ibpks,
much the same way as is describedSiection 6.1 That is, 1968; Jeannerod and Sakai, 197These may not be identi-

synchronization of APs at theta-wave peaks should increasecal to those of REM sleep, but there is at least a strong family
the number of opportunities for the occurrence of STDP, and relationship Brooks and Gershon, 19¥.1So once again, it
the precise timing of APs in presynaptic versus postsynapticis not clear whether this mode of synchronized activity ob-
neuron would determine whether each synapse is potenti-served in REM sleep differs enough from the synchronized
ated or depressed. The temporal association of APs duringactivity of waking to justify a special role of REM sleep in
theta activity is a function of the phase of the theta rhythm at synaptic plasticity.
which APs occur. During STDP, potentiation should occur
when the presynaptic AP is slightly phase-advanced relative 6.3. Network-level models of sleep and synaptic
to the postsynaptic AP. Phase has recently been shown to belasticity
correlated with AP frequency and to be advanced at the offset
of periods of activity, relative to onseiarris et al., 2002 Our discussion of network-level connections between
These relationships hold during both spatial and non-spatialsleep and synaptic plasticity iBections 6.1 and 6.Ras
behaviors, and during REM sleep. During all of these con- intentionally emphasized the simplest and most general
ditions, phase relationships could therefore finely tune the level of analysis. The networks of neurons being consid-
occurrence of synaptic plasticity in hippocampal circuits.  ered could consist of neurons within one cortical column,
However, such a mechanism would be expected to operatewithin one neocortical area or thalamic nucleus, within the
whenever theta activity is observed in the hippocampus— hippocampus, and/or projection neurons between thalamus
during REM sleep, but also during periods of exploratory be- and cortex, cortex and hippocampus, etc. Given the wide
havior in waking. Moreover, the dynamics of phase—activity distribution of synchronized activity within the brain, par-
relationships in REM sleep parallel those observed during ticularly in nonREM sleep, network-level facilitation of
active waking Harris et al., 200p suggesting that to the  synaptic plasticity could occur virtually everywhere.
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A number of models have been proposed in which sleep rence of delta frequency oscillations with fast oscillations
is hypothesized to facilitate synaptic plasticity as a result that are similar to neuronal activity patterns characteristic
of higher-level network connections, involving information of waking produces a cyclic process that facilitates mem-
exchange between thalamus, neocortex, and hippocampusory consolidation. According to this model, brief periods of
In this section, we will briefly describe a sampling of these fast oscillations for a few seconds reactivate patterns of neu-
models and consider how the general principles enunciatedronal activity reflective of the cognitive experiences of prior

above apply thereto. waking. The subsequent occurrence of synchronized delta
frequency oscillations may then reinforce LTP and/or LTD
6.3.1. Thalamocortical interactions resulting from those neuronal activity patterns, by means of

Sejnowski and Destexhe (200Bave proposed two dif-  network interactions such as are describedéttion 6.2
ferent models by which synchronized activity in neurons of and thus help to permanently establish new memories.
the thalamus and neocortex during nonREM sleep could fa- In Sejnowski and Destexhe’s (200¢neral model, the
cilitate synaptic plasticity. Both of these models represent above two hypotheses work synergistically to enable non-
specific applications of the general principles described in REM sleep to facilitate synaptic plasticity. They propose that
Section 6.2 incorporating additional experimental findings the wholesale occurrence of LTP in neocortical pyramidal
to justify additional and more specific hypotheses concern- neurons during light stages of nonREM sleep preliminarily
ing what form of network interactions facilitate what forms activates protein kinases and thereby prepares those neu-
of synaptic plasticity. rons for synaptic plasticity. The subsequent reactivation of
Using computational models to analyze the responses ofwaking-specific patterns of neuronal activity and reinforc-
neocortical neurons to thalamic stimulation during sigma ing of Hebbian plasticity in deep stages of nonREM sleep
frequency oscillationsContreras et al. (1997¢oncluded in turn generates the specific potentiation and depression of
that inhibitory mechanisms must exist in neocortical pyra- synapses required for consolidation of memories.
midal cells to keep their firing rates low in the face of
burst discharges from thalamocortical neurons. Evidence6.3.2. Hippocampal-neocortical interactions
in support of this conclusion includes the measurement There is a large body of literature suggesting that the hip-
of large GABAergic conductances in neocortical neurons pocampus and other temporal lobe structures play an impor-
(Borg-Graham et al., 1998and the observation that in- tantrole in memory consolidatiofE{chenbaum et al., 1999;
hibitory synapses on these neurons are concentrated on th&quire, 1992 The first evidence for this hypothesis was the
cell soma, while excitatory synapses are found mostly on effect of hippocampal damage or removal on consolidation
dendrites DeFelipe and Farinas, 1992I'he implication of of new memories. The role of the hippocampal formation
these findings is that, during sigma frequency oscillations, in memory consolidation has since been further explored in
bursts of action potentials by thalamocortical neurons could animal models.
promote localized C& influx in the dendrites of neocor- While it is clear that temporal lobe structures play an
tical pyramidal neurons, while inhibitory potentials at the important role in memory consolidation, it is not as clear
cell soma suppress discharge by those pyramidal neuronsexactly what that role is. Damage to the hippocampal for-
(Sejnowski and Destexhe, 2000 mation preserves already established memories but impairs
Sejnowski and Destexhe (200@ypothesize that this the formation of new ones. Episodic memory (the capacity
dendritic C&" influx produces high enough levels of to remember events and situations) and semantic memory
[Ca?t]; to activate protein kinases and thereby produce (the capacity to form new associations, including cognitive
LTP. They suggest that sigma frequency oscillations in non- processes as simple as remembering telephone numbers or
REM sleep may function to maximize LTP in neocortical combinations of words) can be eliminated entirely with suf-
pyramidal neurons without causing excessive generation officiently large lesions. However, the same lesions preserve
APs in neocortical networks. Ordinarily, levels of &3 procedural memory, the capacity to learn new sensorimo-
high enough to produce LTP occur only when PSPs are tor tasks. The preservation of procedural memory following
paired with AP backpropagation. However, the bursts of hippocampal damage demonstrates that synaptic plasticity
APs produced by the thalamocortical neurons during sigmain neocortical tissue occurs independently of the hippocam-
frequency activity could conceivably stimulate sufficient pal formation. The role of the hippocampus in the consolida-
localized C&" influx in dendrites even in the absence of tion of episodic and semantic memory (collectively termed
AP generation. An alternative hypothesis that these authorsdeclarative memory) must therefore involve more sophisti-
do not consider is that [G4]; in neocortical pyramidal  cated cognitive, associative processes.
neurons reaches levels sufficient for LTD but not LTP. If = Damage to the hippocampal formation in humans also
LTD occurs systematically in response to thalamocortical produces retrograde amnesia for events dating from up to 2
stimulation during sigma frequency activity, sleep spindles years before the time of the damage (and to a lesser extent
could equally well serve to facilitate synaptic plasticity. for even earlier events), suggesting that the hippocampal for-
Sejnowski and Destexhe (200fi)rther hypothesize that  mation is somehow involved in consolidation of memories
in deeper stages of nonREM sleep, an alternating occur-for some time following the initiation of new memory traces
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(Squire and Alvarez, 1995 A similar phenomenon has 6.3.2.1. Two-stage models of hippocampal functioning.
been observed in monkeys, although the retrograde amnesid@uzsaki has, in a series of articles, developed a hypothesis
affects a considerably shorter time periadola-Morgan of hippocampal—-neocortical interactions in which the flow
and Squire, 1990 But the persistence of older memo- of information into and out of the hippocampus is depen-
ries following hippocampal damage supports the generally dent on behavioral statdBzsaki, 1989, 1996, 1998In
accepted idea that ultimately memories are stored in a dis-this model, the hippocampus during active waking behav-
tributed fashion throughout the brain. And in each area ior predominantlyreceivesinformation from the cerebral
involved in the storage of a memory, the long-term physical cortex via superficial layers (I-Ill) of entorhinal cortex and
substrate of that memory presumably involves changes inother retrohippocampal structures. During quiet waking and
synaptic strengths resulting from the cellular and molecular nonREM sleep, the occurrence of synchronized sharp waves
mechanisms of synaptic plasticity discussed throughout this characteristic of that state causes the direction of informa-
article. tion flow to change, so that synaptic associations laid down
One model of the role of the hippocampal formation inwaking are transferred through deep layers (IV=VI) of en-
in memory consolidation is that it rapidly and temporar- torhinal cortex and other retrohippocampal structures to the
ily stores new neuronal activity patterns, and then gradually appropriate neocortical areas. In both states, synchronized
transfers them to the neocortex, which alone is able to in- activity (in the theta frequency during active waking and in
tegrate each new memory with others already establishedassociation with sharp waves in nonREM sleep) maximizes
(Marr, 1971; McClelland et al., 1995An alternative model  the association of presynaptic and postsynaptic activity.
is that the hippocampus does not store and then transfer Buzsaki's model is based on the observation that superfi-
memories appropriate to specific neocortical areas, but rathercial layer (I-1V) retrohippocampal neurons exhibit activity
functions as particularly high-level association cortex, as- that is correlated with theta waves but not synchronized
sisting diverse neocortical areas in the formation of associ- sharp waves, while deep layer (V-VI) retrohippocampal
ations between components of a memory, and between oneneurons exhibit activity that is correlated with synchronized
memory and anotheiEfchenbaum, 2000 This hypothesis  sharp waves but not theta waveShfobak and Buzsaki,
is consistent with the fact that the hippocampal formation 1994). Because layers I-lll of retrohippocampal structures
is required for consolidation of declarative but not procedu- are thought to receive afferent projectidnsm neocortical
ral memories, since procedural memories involve implicit areas Amaral, 1987; Van Hoesen et al., 199While layer
knowledge and largely unconscious cognitive processing, IV of retrohippocampal structures projedis neocortical
and so may not need the hypothesized association functionsareas $wanson and Kohler, 1986hese associations have
of the hippocampus. been taken to imply that information is predominantly re-
Whatever may be its exact functional role, the involve- layed from neocortex to hippocampus in association with
ment of the hippocampal formation in memory consolidation theta activity and in the reverse direction in association
has made it an attractive model system in studies of cellularwith sharp waves. This hypothesis is dependent on the
mechanisms of synaptic plasticity. LTP was first described in inference that associated activity in hippocampus and retro-
hippocampal circuits, and even now synaptic plasticity has hippocampal structures implies that neurons in one area are
been more extensively characterized in those circuits thanbeing driven by neurons in the other. Moreover, the layer
in any other brain region. But it should be emphasized that IV retrohippocampal neurons that predominantly project to
synaptic plasticity occurring in the hippocampus is relevant neocortical areasSivanson and Kohler, 198&renotactive
only to the local plasticity needs of those circuitsMarr’s in association with hippocampal sharp waves—only layer
(1971) hypothesis is correct, LTP and LTD temporarily ef- V/VI neurons are—somewhat weakening the anatomical
fected in hippocampal circuits could in turn influence more justification for this hypothesis. And the involvement of
permanent synaptic plasticity occurring elsewhere. But ul- these state-dependent activity patterns in memory process-
timately, the formation of detailed and enduring memories ing is largely a matter of conjecture.
reflects the synaptic plasticity that occurs throughout the Hasselmo (1999has adapted and extended Buzsaki's
neocortex and other brain regions. model, retaining the basic idea of state-dependent informa-
The established involvement of the hippocampal forma- tion flow patterns and a two-stage mechanism of synaptic
tion in memory consolidation does not necessarily imply plasticity, and emphasizing the effects of neuromodulators
sleep-related modulation of that process. But coupled with in determining the nature of patterned neuronal activity
evidence that sleep itself facilitates learning and memory, and thus the direction of information flow. He has de-
a role for sleep in the functioning of the hippocampal for- scribed cellular mechanisms whereby acetylcholine, which
mation has seemed plausible to a number of researchersis predominantly responsible for producing theta frequency
That role is generally taken to entail state-dependent dif- activity in active waking and REM sleep, may promote
ferences in how hippocampal circuits interact with those of information flow into the hippocampus during those states
the cerebral cortex, differences which are assumed to in-and the temporary formation of synaptic associations. He
fluence synaptic plasticity in hippocampus and/or cerebral has further proposed a unique role for REM sleep in this
cortex. process, based on the absence of release of norepinephrine
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during theta activity in this state. Another two-stage model 7. Summary and conclusions
of memory consolidation, involving interactions between
hippocampus and neocortical areas, has been discussed While a role for sleep in synaptic plasticity has by no

recently bySejnowski and Destexhe (2000) means been conclusively established, the findings reviewed
in this article indicate at least that the idea merits serious
6.4. General evaluation of network-level models consideration. As reviewed i8ection 4 there is evidence

on the behavioral, physiological, and cellular and molecular

In our discussion of potential connections between sleep levels that alterations in sleep produce concomitant alter-
and synaptic plasticity on the network level, we have at- ations in processes associated with synaptic plasticity. There
tempted to work from the simplest to the most complex types are of course alternative interpretations of these findings, but
of hypothesis. IrSections 6.1 and 6,2e considered possi-  at the very least this substantial body of work establishes a
ble network-level roles for sleep involving anatomically un- solid prima facie case.
specified circuits, which could be local or wide ranging, and  As reviewed inSections 5 and,&he neurophysiological
which are based only on the dominant modes of synchro- processes occurring during sleep are in many respects ideally
nized activity characteristic of those states.Section 6.3 suited to promoting synaptic plasticity. The unique forms
we then considered some recently proposed models ofof plasticity that may result from neural events occurring in
sleep-dependent mechanisms of synaptic plasticity, whichsleep on the cellular and network levels could complement
are more complex and more specifically articulated, and the activity-dependent plasticity initiated during waking
which involve anatomically defined interconnections be- by specific patterns of sensory stimulation and cognitive
tween neocortex and other brain regions. These more com-processing. Needless to say, the validity of the hypothetical
plex models incorporate simpler network-level processes scenarios offered irsections 5 and &till remains to be
based on synchronized activity such as were discussed inestablished, but our review of the literature demonstrates at
Sections 6.1 and 6,but attempt to explain sleep-dependent least that there is considerable potential for fruitful connec-
memory processing based on further hypotheses beyondions between the cellular and molecular processes associ-
those presented iBections 6.1 and 6.2 ated with sleep and those associated with synaptic plasticity.

This hierarchical presentation of potential hypotheses is It is worth noting in this regard that much of the evidence
intended to emphasize the fact that the more complex hy-for a link between sleep and synaptic plasticity concerns
potheses reviewed iSection 6.3are only examples of a REM sleep, while the most promising connections between
multitude of possible mechanisms whereby network-level sleep and synaptic plasticity on the cellular and molecu-
activity during nonREM sleep and/or REM sleep could fa- lar level arguably concern events taking place in nonREM
cilitate synaptic plasticity. Those hypotheses are all based onsleep, and in fact the cellular physiology of nonREM sleep
electrophysiological observations but also involve a certain has received more attention from those advancing hypothe-
measure of bold speculation. While one of them may prove ses on the cellular and molecular level. This may merely
to be substantially correct, we should consider the very real reflect current ignorance of the full significance of syn-
possibility that synchronized activity in neuronal networks chronized activity in REM sleep, in particular in the hip-
during nonREM sleep and/or REM sleep may indeed facil- pocampus. Alternatively, experiments designed to establish
itate synaptic plasticity, and yet no one of these complex a link involving REM sleep may in reality have produced
hypotheses may describe the specific neuronal interactionmonREM-sleep-related effects as well. The vast majority
that accomplish this. of such experiments involve selective RSD, the supposed

Given the present uncertain nature of the evidence estab-selectivity of which is in most studies based largely on
lishing a connection between sleep and synaptic plasticity, the observation that nonREM-sleep duration is not reduced
we believe the matter will be best addressed by focusing onby the intervention that suppresses REM sleep. However,
more basic hypotheses such as are discussBddtions 6.1  even when an intervention only interrupts sleep at the on-
and 6.2(and, on the cellular level, iBection §. These are,  set of REM-sleep episodes, there is nevertheless a marked
after all, elements of the more complex models discussed inincrease in sleep fragmentation and suppression of EEG
Section 6.3and so the testing of these more simple hypothe- delta power in nonREM sleep during the deprivation pe-
ses could provide evidence consistent with the more complexriod (Benington et al., 199 as well as a suppression of
models as well. Moreover, facilitation of synaptic plasticity EEG delta power in nonREM sleep for hours afterwards
by synchronized activity in local networks could be studied (Beersma et al., 1990; Brunner et al., 1990, 1)993wus,
using reduced preparations in vitro (eSanchez-Vives and  even the most “selective” RSDs may compromise nonREM
McCormick, 2000, permitting aspects of the question to be sleep as well. Consequently, the effects on processes associ-
addressed by means of simpler and more feasible experi-ated with synaptic plasticity resulting from RSD protocols
ments. If facilitation on this level is established, then incre- may in fact be caused by interference with nonREM-sleep
mentally more elaborate experiments could in turn provide processes during the deprivation period.
evidence for specific hypotheses involving interactions be-  As noted in the introduction, we have by design discussed
tween anatomically distributed brain regions. possible cellular and molecular connections between sleep
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and synaptic plasticity in a broad and speculative manner. by chance, and so it is reasonable to hypothesize that the in-
While there is not yet compelling evidence in support of a trinsic properties of neurons and network connections which
specific cellular/molecular process linking sleep and synap- cause these oscillations to occur in the precise manner in
tic plasticity, it is nevertheless essential that the question which they do are largely the result of specific adaptations
be addressed on the cellular and molecular level. To thatrelated to the primary function of sleep.

end, we have sought to lay out the widest range of possible The implications of this hypothesis for the idea that the
hypotheses that would be at least consistent with availableprimary function of sleep is to facilitate synaptic plasticity
data. Our hope is that an awareness of the possible cellu-are daunting. At present, it is not clear exactly how oscilla-
lar and molecular connections among investigators active intory activity in general may facilitate synaptic plasticity ei-
this field will stimulate experiments that may ultimately pro- ther within single cells or as a result of network interactions.
vide evidence substantiating one particular hypothesis from To extend this inquiry to involve at least three categories

among those currently possible. of oscillatory activity and network connections among the
reticular thalamic nucleus, thalamic relay nuclei, and cere-

7.1. Facilitation of synaptic plasticity as the primary bral cortex makes the issue even more challenging. This is

function of sleep especially so if we further suppose that the temporal distri-

bution of these forms of oscillatory activity may itself be

If sleep does indeed facilitate synaptic plasticity, this func- significant. But unless we are to assume that the variety of
tion could either be the primary function of sleep or merely forms of rhythmic neuronal activity observed in nonREM
a secondary one. The primary function of sleep can be de-sleep is largely epiphenomenal, these possibilities should
fined as the main reason that sleep is necessary, that sleepventually be considered.
loss is attended with such disastrous consequences, and that This situation may be simplified somewhat if we suppose
the occurrence of sleep has been universally maintained inthat discharge of sleep propensity is primarily driven by the
mammalian evolution. Secondary functions would be addi- occurrence of delta frequency oscillations. The main argu-
tional benefits associated with the occurrence of sleep, of ment for this hypothesis is the fact that EEG delta activity
varying degrees of importance in different organisms. While and hence stages 3 and 4 of nonREM sleep are enhanced
the most parsimonious hypothesis is that the current pri- following sleep deprivation, and that nonREM-sleep EEG
mary function of sleep is also the function for which sleep delta activity is a reasonably consistent measure of the mo-
was originally adapted in whatever form it first evolved, it mentary level of sleep propensitg¢rbely and Achermann,
is at least conceivable that a sleep-like process originally 2000. A regulated increase in EEG slow waves follow-
designed for one function was at some point co-opted for aing sleep deprivation suggests that the occurrence of slow
new primary function. waves is directly or indirectly linked to the sleep recovery

The primary function of sleep will also be the one which process, though it should be noted that there is at best sug-
has exerted the greatest selective influence during mam-gestive evidence that enhancements of EEG delta activity
malian evolution on the physiological phenomena associatedspeed discharge of sleep propensiBij et al., 1987.
with sleep and on the homeostatic mechanisms regulatingMoreover, discharge of sleep propensity appears to be unim-
sleep Benington, 200} If facilitation of synaptic plastic- peded under some circumstances in which EEG slow-waves
ity is that function, then the physiological phenomena of are suppressed, such as administration of benzodiazepine
sleep and the mechanisms of sleep homeostasis should baypnotics fAchermann and Borbely, 1987; Borbely et al.,
specifically adapted to accomplishing such facilitation. The 1985, indicating that the association between EEG delta
considerable literature that has accumulated concerningactivity and discharge of sleep propensity is not absolute.
sleep physiology and sleep homeostasis may therefore proNevertheless, under most circumstances, EEG slow waves
vide important insights into possible mechanisms whereby dominate when sleep drive is greatest, suggesting that syn-
sleep may facilitate synaptic plasticity. chronized activity in that frequency range is most closely

As noted in earlier sections, neuronal activity in nonREM associated with the sleep recovery process.
sleep involves synchronized, oscillatory activity in at least ~ Assuming that changes in EEG delta activity are at least
three frequency bands—delta (0.5-4 Hz), sigma (7—14 Hz), measures of the accumulation and discharge of sleep propen-
and <1 Hz. These forms of oscillatory activity each result sity, there is increasing evidence that these processes oc-
from distinct rhythmic properties of neurons in the thalamus cur locally, such that rates of accumulation and discharge
and cerebral cortex, involving distinct populations of pace- can vary among brain region€4jochen et al., 1999; Huber
maker neurons and distinct network interactions by meanset al., 2000, and that the accumulation of sleep propensity
of which the oscillations are propagated and synchronized.in any given area is a function of the metabolic or cogni-
Moreover, the occurrence of these species of oscillatory ac-tive demands placed on that part of the brakti{ermann
tivity is organized on a time-scale of seconds within each et al., 2001; Kattler et al., 1994These findings are con-
stage of NnonREM sleep and on a time-scale of minutes within sistent with the hypothesis that sleep facilitates synaptic
each nonREM-sleep episode. It is highly unlikely that such plasticity, as demands for synaptic reorganization will vary
elaborate neurophysiological mechanisms could exist purelyfrom region to region in an experience-dependent manner,
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and the satisfaction of those demands will also be accom- While some experiments have been performed to test for
plished locally, as new connections are formed in each partthe occurrence of LTP and LTD in nonREM sleep and REM
of the brain’s networksKrueger et al., 1999 This con- sleep, these have really only scratched the surface. Both LTP
sideration suggests that the question should be amenablend LTD are sensitive to specific experimental conditions.
to study using reduced preparations in vitro, so long as For example, a protocol that effectively produces LTD at
the reduced circuits being studied exhibit the forms of os- one developmental stage will not at another, even though
cillatory activity normally characteristic of particular sleep LTD can be produced using the appropriate protocol at all
states. developmental stageKémp and Bashir, 20Q5ection 2.1).

If facilitation of synaptic plasticity is the primary and Two studies have demonstrated a reduction in LTP during
thus homeostatically regulated function of sleep, then there nonREM sleep, using relatively mild LTP-inducing stimuli
should exist negative feedback control mechanisms which (Bramham and Srebro, 1989; Leonard et al., J9&7re-
register a level of demand for facilitation of synaptic plas- mains to be seen whether other LTP-inducing protocols have
ticity and increase or decrease sleep propensity in response¢he same effects, and therefore whether LTP is indeed al-
(Benington, 2000; Krueger and Obal, 200 other home- together suppressed in nonREM sleep. One of these stud-
ostatically regulated physiological systems, the negative ies Bramham and Srebro, 1988 ported depression of the
feedback mechanisms entail biochemical and/or biophysical population response in nonREM sleep using a protocol that
changes which trigger release of a paracrine or endocrinecauses potentiation in waking, but there have not yet been
signaling molecule which stimulates the appropriate re- systematic studies of the effects of LTD-inducing protocols
sponses in target cells. in different behavioral states.

The question of what component of the molecular re-  As discussed isection 3.1both forms of LTD appear to
sponse cascade involved in synaptic plasticity could servebe dependent on activation of T-typeXtahannels in vitro.
as such a feedback signal is indeed a challenge. As reviewedHowever, this dependence has been demonstrated only by
recently by Benington (200Q) the known physiological — selective pharmacological blockade of T-type?Cahan-
effects of signaling molecules associated with LTP tend nels using low concentrations of NiStronger evidence for
to depolarize rather than hyperpolarize neurons, implying the hypothesis that LTD is promoted by activation of T-type
that they would decrease rather than increase the tendencyC&* channels during synchronized rhythmic neuronal ac-
to sleep. However, intraventricular administration of the tivity in nonREM sleep would come from experiments in
neurotrophins NGF and BDNF has been shown to producewhich T-type C&" channels were activated or blocked in
small increases in sleep expressigughikata et al., 1999;  roughly the same manner as occurs naturally in nonREM
Takahashi and Krueger, 1999suggesting that these sleep and waking. In vitro, this could be accomplished by
molecules may contribute to the negative feedback sig- adjusting the ionic composition of the bath medium and
nal. There could also exist as-yet unknown components administering neuromodulatory molecules. By this means,
of this molecular response cascade and/or as-yet unknowmeurons in neocortical and thalamic tissue slices could be
physiological effects of components that have already beensystematically made to exhibit the modes of activity char-

identified. acteristic of waking versus nonREM sleep, and the relative
efficacy of LTP and LTD protocols under these two condi-
7.2. Future directions tions could be tested. The relevance of REM sleep to synap-

tic plasticity could be assessed by activating neurons in vitro

We would like to close by considering some experiments either with acetylcholine alone or with acetylcholine plus
which could help to resolve questions raised in this article. norepinephrine and serotonin. Such experiments would per-
In our opinion, the conclusive demonstration of a role of mit the evaluation of cellular-level hypotheses such as are
sleep in synaptic plasticity will require experimental find- discussed irBection 5
ings establishing the cellular and molecular mechanisms of In vitro studies of the effects on synaptic plasticity of the
this process, and not merely learning-related correlates ofvarious types of synchronized rhythmic activity that occur
sleep or sleep deprivation. The broad, speculative approachin nonREM sleep may also be possible. While some aspects
we have taken in this article has been necessary preciselyof synchronized rhythmic activity are dependent upon dis-
because the details of such a mechanism are still largely un-tributed network interactions involving widely distributed
clear. However, the discussions$ections 5 and @emon- brain regions $teriade, 1999 others have been produced in
strate that the cellular and network-level neurophysiological isolated slice preparations in vitro and in deafferented nuclei
processes of nonREM sleep and REM sleep provide numer-in vivo (Steriade et al., 1987; von Krosigk et al., 1993s-
ous opportunities for facilitation of synaptic plasticity, and ing in vitro preparations, one could assess whether: (1) the
so a number of attractive candidate mechanisms are avail-occurrence of synchronized activity promotes LTP and/or
able. Experimental techniques and model systems developed.TD; (2) increases in the degree of synchronization accen-
by researchers investigating sleep neurophysiology and cel-tuate the process; and (3) LTP is specifically promoted at
lular and molecular mechanisms of synaptic plasticity can synapses between pairs of neurons whose activity is more
be adapted to test these candidate mechanisms. highly synchronized. The effects of synchronization could
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be further assessed at the molecular level, by characteriz-Beersma, D.G.M., Dijk, D.J., Blok, C.G.H., Everhardus, I., 1990. REM
y
ing the protein phosphorylation, gene expression, and other sleep deprivation_dur'g15 h leads to an imr_nediat'e REM sleep rebound
postsynaptic effects associated with synaptic plasticity. and to suppression of non-REM sleep intensity. Electroencephalogr.
. . . Clin. Neurophysiol. 76, 114-122.

This is Only a sampllng of experiments that CF’Uld pe per- Benington, J.H., 2000. Sleep homeostasis and the function of sleep. Sleep
formed to test the hypotheses proposed in this article. As 23 959-966.
discussed irsection 6.4relatively simple experiments such  Benington, J.H., Woudenberg, M.C., Heller, H.C., 1994. REM-sleep

y P p

as these could provide evidence for the elements of more Ppropensity accumulates during 2-h REM-sleep deprivation in the rest
complex network-level models. To distinguish between the _ Period in rats. Neurosci. Lett. 180, 76-80.

detailed dicti f h del . fi Bi, G., Poo, M., 2001. Synaptic modification by correlated activity: Hebb’s
more cetailed predictions of such models, a series of incre- postulate revisited. Annu. Rev. Neurosci. 24, 139-166.

mentally more elaborate experiments would eventually be gicker, G., 2001. Sources and targets of nitric oxide signalling in insect
required. nervous systems. Cell Tissue Res. 303, 137-146.
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