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Abstract

Mechanism is at the heart of understanding, and this chapter addresses underlying brain

mechanisms and pathways of cognition and the impact of sleep on these processes, especially

those serving learning and memory. This chapter reviews the current understanding of the

relationship between sleep/waking states and cognition from the perspective afforded by basic

neurophysiological investigations. The extensive overlap between sleep mechanisms and the

neurophysiology of learning and memory processes provide a foundation for theories of a

functional link between the sleep and learning systems. Each of the sleep states, with its attendant

alterations in neurophysiology, is associated with facilitation of important functional learning and

memory processes. For rapid eye movement (REM) sleep, salient features such as PGO waves,

theta synchrony, increased acetylcholine, reduced levels of monoamines and, within the neuron,

increased transcription of plasticity-related genes, cumulatively allow for freely occurring

bidirectional plasticity (long-term potentiation (LTP) and its reversal, depotentiation). Thus, REM

sleep provides a novel neural environment in which the synaptic remodeling essential to learning

and cognition can occur, at least within the hippocampal complex. During nonREM sleep Stage 2

spindles, the cessation and subsequent strong bursting of noradrenergic cells and coincident

reactivation of hippocampal and cortical targets would also increase synaptic plasticity, allowing

targeted bidirectional plasticity in the neocortex as well. In delta nonREM sleep, orderly neuronal

reactivation events in phase with slow wave delta activity, together with high protein synthesis

levels, would facilitate the events that convert early LTP to long lasting LTP. Conversely, delta

sleep does not activate immediate early genes associated with de novo LTP. This nonREM sleep-

unique genetic environment combined with low acetylcholine levels may serve to reduce the

strength of cortical circuits that activate in the ~50% of delta-coincident reactivation events that do

not appear in their waking firing sequence. The chapter reviews the results of manipulation

studies, typically total sleep or REM sleep deprivation, that serve to underscore the functional

significance of the phenomenological associations. Finally, the implications of sleep

neurophysiology for learning and memory will be considered from a larger perspective in which

the association of specific sleep states with both potentiation or depotentiation is integrated into

mechanistic models of cognition.
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In the last twenty years, evidence linking sleep, specific sleep states, and the cognitive

processes underlying learning and memory has been developed in several research domains.

Other chapters in this volume describe aspects of the relationship between sleep and

cognition using behavioral paradigms and/or neuroimaging data in humans to elucidate the

functional anatomy underlying sleep and cognition. The focus of this chapter is on research,

conducted almost exclusively in animal models, that has provided an outline of the

underlying mechanisms whereby sleep affects learning and memory. Two broad areas will

be covered: 1) physiological traits of REM sleep, nonREM sleep and the Stage 2 transition

to REM state that affect the substrate of learning and memory, i.e. synaptic plasticity; and 2)

revelations from sleep deprivation studies that demonstrate a functional role for sleep in the

normal expression of learning and memory. The chapter concludes with a summary of

unresolved controversies and future directions.

Cognitive processes involve neural oscillations and synchronization among brain regions

that are active during attention, perception, working memory, short and long term memory

acquisition, retention and recall, imagination and thought (Crick and Koch, 1998; Llinas and

Ribary, 1993; Axmacher et al., 2006). Dynamic cognitive networks that become engaged in

a thought or task, work through temporary bands of activity that synchronize multiple brain

areas into a functional unit. For example, Jones and Wilson(2005) showed that the

hippocampus and prefrontal cortex oscillate together when rats perform a spatial memory

task requiring both areas. Just as periods of synchronization occur while performing

cognitive tasks during waking, e.g. (Brown and McCormack, 2006), periods of

synchronization also appear in all other states in various degrees, frequencies and extent of

brain areas involved. Cheng et al. (2008) propose that sleep states themselves are a less

useful categorization schema in which to examine what occurs offline for cognition. Instead,

predominant electroencephalographic frequencies, which often coincide with particular

sleep states, should be examined to uncover the role of sleep for cognition. Specific sleep

traits including dominant frequencies, neurochemical milieu, and neuronal activation

patterns, can be dissociated from their normal state under even normal conditions. Here we

examine the role of each state with particular emphasis on their traits and the role of each

trait for cognition, with particular regard for learning and memory.

Spontaneous physiological processes during natural sleep to support

cognition

REM sleep

Two books that nicely explain the role of REM sleep for memory were published 22 years

apart (Winson, 1985; Walter, 2007). Walter reviews most of the literature and consensus

findings in “REM Illumination: Memory Consolidation”, providing a framework to

understand current ongoing research. Theoretical perspectives in “Brain and Psyche: the
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Biology of the Unconscious” by Jonathan Winson in 1985 presented many of the concepts

of REM sleep involvement in memory consolidation that are now found in most publications

concerning REM sleep and learning. Winson and Pavlides (Pavlides et al., 1988; Pavlides

and Winson, 1989) were the first to record hippocampal unit activity during activity and

subsequent sleep, revealing startling activity patterns during sleep. This stimulated many

others to measure the physiological processes at work supporting cognition during sleep on

the cellular level, as discussed further below.

Not long after Pavlides and Winson joined the handful of those actively engaged in sleep

and memory research (e.g. Hennvin, Guerrin, LeConte and Smith), two studies were

published back to back that highlighted the sleep and learning field for a broader scientific

audience. The first (Karni, 1994), replicated and expanded in 2002 (Mednick et al., 2002),

showed that REM sleep effects on memory consolidation were circuit specific. A visual

perceptual learning task that causes focal synaptic changes to occur in the visual cortex,

needed REM sleep for strong, lasting improvements. The REM sleep associated synaptic

gains were specific to the circuits trained and did not generally transfer to all other visual

processing fields. This elegant study kindled new excitement in the puzzle of REM sleep

and memory and revitalized the sleep and memory field in general. The other landmark

Science paper ((Wilson and McNaughton, 1994), which was met with equal enthusiasm,

amplified the Pavlides and Winson (1988, 1989) finding of orderly hippocampal reactivation

during sleep and will be discussed in greater detail under nonREM sleep, below.

Learning increases REM sleep

Spontaneous increases in REM sleep follow training and precede large increases in

performance during learning (Lucero, 1970; Hennevin et al., 1974; Fishbein et al., 1974;

Smith et al., 1980; Portell-Cortes et al., 1989; Smith and Wong, 1991; Bramham et al., 1994;

Smith and Rose, 1996) associated with acquiring the task (Hennevin et al., 1995; Datta,

2000). REM sleep increases in humans just after intensive learning trials as well (De

Koninck et al., 1989; Mandai et al., 1989; Smith and Lapp, 1991; Smith, 1995). Learning

can either prolong and/or intensify REM sleep (Smith et al., 1980; Dujardin et al., 1990;

Guerrien et al., 1989; Mandai et al., 1989). While it is not the case that smarter animals have

more REM sleep (Siegel, 2001), studies of increased REM sleep during times of learning

have never been made across species. It appears from the majority of studies, that the total

time in REM sleep is not as important as the REM sleep augmentation that is accomplished

during times of high learning demands.

PGO waves increase with learning

Waves of excitation originating from the brainstem, called Ponto-geniculo-occipital (PGO)

waves, or P-waves in the rat, occur only during REM sleep and the transition to REM sleep

(TR) (Jouvet, 1962). PGO waves are coincident with rapid eye movements and middle ear

muscle activity as well as occasional myoclonic jerks of postural musculature (Lai and

Siegel, 1991). Both auditory and somatosensory stimuli influence PGO wave activity (for

review, see (Callaway et al., 1987)). The dorsal part of the nucleus subcoeruleus of the pons

in the rat is the most effective area for inducing PGO waves and probably initiates their

propagation through the medial reticular formation (MRF) to the forebrain. This area
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projects to the hippocampus and amygdala, among other structures (Datta et al., 1998).

During intensive learning PGO waves increase in intensity and density during REM sleep

and TR, and their increase is directly correlated with task retention (Datta, 2000). PGO

waves are hypothesized by Datta (2004) to be a potent regulator of synaptic plasticity in

both the hippocampus and amygdala, as they are comprised of large, synchronous excitatory

waves of glutamate that terminate directly on forebrain targets.

Hippocampus for associative learning and memory consolidation

The rapid encoding structure of the hippocampus is where the building block for memory

encoding, long term potentiation (LTP), was discovered (Bliss and Lomo, 1973). Memory

consolidation is the transfer of this hippocampal plasticity to more permanent long term

storage sites distributed throughout the neocortex. LTP requires postsynaptic membrane

depolarization coincident with presynaptic action potentials to allow the intracellular

cascade of molecular events that effect long term increases in synaptic strength. LTP is

easily induced during wakefulness and during REM sleep in the hippocampus (Bramham

and Srebro, 1989).

REM sleep neuronal reactivation

Pavlides and Winson (1989) were the first to show increased firing of hippocampal neurons

in REM sleep that had been active in prior waking. Many others have repeated and enhanced

that work. Hippocampal pyramidal cells can act as place field encoders, or place cells, firing

rapidly in a particular area of the environment as the animal navigates through, then falling

silent elsewhere. Studies have shown that place cells that have overlapping fields on the

maze and therefore fire in an ordered, overlapping fashion, show increased co-activation

during “off-line” hippocampal large irregular activity (LIA), which occurs during nonREM

sleep and quiet waking (QW) ((Wilson and McNaughton, 1994). Very structured replay of

the waking running sequences were seen also during REM sleep (Louie and Wilson, 2001).

Our study (Poe et al., 2000) showed that spontaneous reactivation of hippocampal neurons

during REM sleep occurs in a theta-specific pattern concordant with the induction of both

LTP and with its reversal, depotentiation, during the REM sleep state.

Theta phase specificity

Place cells fire in a specific relationship to the ongoing electroencephalographic (EEG) theta

rhythm activity during active waking. Most spikes occur at the peaks (corresponding to the

maximum depolarization of the cell membrane) of theta, as the cell discharges through the

place field (Buzsaki et al., 1983; Fox et al., 1986). Pavlides (1988) found that stimulation on

the positive phase of the hippocampal theta rhythm induced LTP; stimulation at the opposite

phase, the theta trough, induced a decrease in synaptic efficacy (depotentiation). Huerta and

Lisman (1995) found that LTP and depotentiation could be induced at the theta peak and

trough, respectively, with a burst of only four 200 Hz stimuli lasting 20 ms and applied to

the Schaeffer collaterals. Others have shown this result in the intact animal (Hyman et al.,

2003; Orr et al., 2001). These experiments showed that LTP could be induced with

physiologically feasible stimuli, if timed to the naturally occurring theta activity.
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Acetylcholine(ACh) inputs allow the hippocampus to display theta activity during active

waking and REM sleep. Givens (1996) found a stimulus-evoked resetting of the dentate

theta rhythm during working memory tasks in rats. Acetylcholine is important to the

induction of LTP in the intact animal and to learning in the hippocampus (Winson, 1978;

Mizumori et al., 1990; Hasselmo and Bower, 1993; Givens, 1996; Rashidy-Pour et al.,

1996). Similarly, disruptions of hippocampal theta impair learning (see (Vertes and Kocsis,

1997)). Hasslemo and Bower (1993) suggest that cholinergic activity may be modulated by

ongoing memory demands in the system.

Hippocampal measures of acetylcholine release during REM sleep exceed those measured

during waking, though they are probably equal to levels present during active waking

behaviors (Marrosu et al., 1995). Stimulation of the MRF, the same area that propagates

PGO waves during waking startle and REM sleep, induces theta rhythm activity in the

hippocampus (Vertes, 1982). The evidence suggests that the timing of incoming stimuli

relative to the cell’s membrane polarity, which normally oscillates with theta, influences the

induction of LTP and depotentiation; dampened theta amplitudes are less conducive to

learning. When the reticular formation is stimulated in REM sleep, increasing hippocampal

theta, rats improve significantly on memory retention tasks over those given the same

stimulation in slow wave sleep (e.g.(Hennevin et al., 1989)). Reticular stimulation can

reverse the mnemonic impairments imposed by REM sleep deprivation (Hars and Hennevin,

1983). Reticular neurons exert their influence on hippocampal theta through projections to

the supramammillary nucleus, which in turn projects to the septal nuclei that provide timed

cholinergic and GABAergic inputs to CA1 pyramidal cells and interneurons (Vertes and

Kocsis, 1997).

We found that neurons active in novel places discharge at the peaks of local theta (5-10 Hz)

oscillations in both waking and REM sleep (Poe et al., 2000). Such peak theta phase firing is

consistent with establishing LTP, thought to underlie memory formation. Once the place

becomes familiar to the animal, neurons that were active in these places, called place cells,

reverse phase at which they fire with respect to local theta oscillations during REM sleep.

That is, although they fired at theta peaks in REM sleep when the environment was novel,

they fire at theta troughs in REM sleep once the environment is familiar. Cells active only in

familiar areas of the environment in waking, fire at theta troughs in REM sleep. Although

the mechanism of such reversed phase firing during REM sleep is unclear, such phase-

reversed firing during theta is consistent with patterns that induce the depotentiation of

previously potentiated synapses.

The importance of depotentiation

Depotentiation is important to theories of learning and memory that incorporate a temporary

associative memory structure such as the hippocampus. The hippocampus is a temporary

storage facility for memory; hippocampal synapses are more limited in number as compared

to the entire neocortical mantle, where long term memories are probably stored in a parallel,

distributed fashion. Thus, if the hippocampus serves to form associative memories and

temporarily store them until they are consolidated to the neocortex, it is logical that the

hippocampal network of weighted synapses involved with consolidated memories should be
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recycled for future differential weighting of associative memories in other functional

assemblies. Depotentiation may serve that synaptic recycling function in the CA1 region of

the hippocampus where there is no adult neurogenesis.

A growing literature suggests that depotentiation is also critical to cognitive function

(Braunewell and Manahan-Vaughan, 2001; Manahan-Vaughan and Braunewell, 1999;

Nakao et al., 2002). Depotentiation seems to be associated with the presence of new stimuli

in a contextual frame (Kemp and Manahan-Vaughan, 2004). Biphasic changes in synaptic

strength could separate the acquisition of different types of information. Novel spatial

exploration induces depotentiation of previously induced but irrelevant LTP (Xu et al.,

1998). After two exposures to an environment with the same objects always located in the

same spatial locations, depotentiation was expressed after a third exposure merely by

changing the configuration of the objects. The re-association of objects within a particular

spatial context triggers depotentiation, probably due to the necessity of rewiring the memory

network to accommodate the new change in formation for efficient storage.

Requirements of depotentiation met in REM sleep: NE and 5HT absence

Depotentiation may be more reliably induced in the absence of norepinephrine (NE), which

pushes the net effect of all activity toward LTP. NE working at both beta and alpha1

receptors blocks depotentiation in the hippocampus and enhances LTP (Thomas, 1996;

Katsuki et al., 1997; Yang et al., 2002). Either stimulation of the noradrenergic cells of the

locus coeruleus, or direct intracerebroventricular application of norepinephrine enhances and

prolongs LTP (Almaguer-Melian et al., 2005).

REM sleep is a time when noradrenergic inputs are suppressed (Aston-Jones and Bloom,

1981; Nitz and Siegel, 1997). Noradrenergic neurons are tonically active in all states except

REM sleep (Aston-Jones and Bloom, 1981), and in brief periods before each spindle wave

during nonREM sleep. Therefore we hypothesize that REM sleep and possibly the TR are

the only times when theta trough activity in the CA1 region has the opportunity to

depotentiate synapses from spontaneous neural activity in the intact animal.

Serotonin is present in the hippocampus in all states but is vastly diminished in REM sleep

(Park et al., 1999), when dorsal raphe serotonergic neurons are inactive (McGinty and

Harper, 1976). We hypothesize that the absence of serotonin in the hippocampus during

REM sleep allows that state to serve a depotentiation function supporting the reworking of

networks for maximally efficient cognitive function.

Both depotentiation and habituation to an environment are inhibited by serotonin agonist

application (Kemp and Manahan-Vaughan, 2004). Serotonin agonist application also

improved acquisition but impaired memory consolidation (Meneses and Hong, 1997). The

pretraining stimulation of serotonergic type 4 (5-HT4) receptors enhanced the acquisition of

a conditioned response, while post-training activation of postsynaptic 5-HT4 receptors

impaired the consolidation of learning. Thus, it may be that 5-HT4 receptor activation is

beneficial for certain types of information acquisition that depend on LTP and detrimental

for other types that depend on depotentiation. Thus the available studies show that, through

the 5-HT4 receptor, serotonin depresses depotentiation and impairs memory consolidation.
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These two neurotransmitter systems, noradrenaline and serotonin, influence synaptic

excitability and plasticity and fall uniquely silent during REM sleep (McGinty and Harper,

1976; Aston-Jones and Bloom, 1981), allowing the hippocampus to both strengthen and

refine the memories it encodes. Thus the neurochemical environment of REM sleep and

specific reactivation patterns relative to the theta rhythm are consistent with a unique

opportunity to depotentiate, or weaken, those synapses encoding memories already

consolidated to structures outside the hippocampus. Such depotentiation would be especially

important during intensive learning periods such as during development and for integrating

old knowledge with changing novel information.

More evidence for synaptic plasticity in REM sleep: gene studies

It could also be true that neural reactivation in any stage of sleep or wakefulness serves no

purpose for learning and memory. This is unlikely to be the case, especially in REM sleep

when acetycholine levels are high, theta is present in the hippocampus, the forebrain is

activated by PGO waves, and LTP is readily induced as mentioned above (Bramham and

Srebro, 1989). Furthermore, Ribeiro and Pavlides (1999; 2002) have shown that zif-268, an

immediate early gene involved in LTP, is upregulated in the hippocampus and associated

neocortical structures during REM sleep following waking learning and LTP. Further, the

zif-268 activation occurs in the hippocampus and entorhinal cortex in the first REM sleep

period after learning, then in primary and secondary associated structures in ensuing REM

sleep periods, as though consolidation of the memory from the hippocampus to the

neocortex were being accomplished in one sleep session.

Multiple cellular tests of LTP and depotentiation are now available in the freely behaving

animal. Thus the question of whether reactivation results in synaptic plasticity and learning

will be directly addressed in future research.

NonREM sleep

Learning amplifies slow waves (Huber et al., 2004; Wamsley et al.). Slow waves, shown in

a rat recording in Figure 1, allow a reactivation of neurons that were involved in learning or

encoding during theta states on a much accelerated (~300x), condensed time scale (Pavlides

and Winson, 1989; Wilson and McNaughton, 1994; Kudrimoti et al., 1999).

Part B of Figure 1 shows an example of multiple single units recorded in our laboratory

during hippocampal slow waves. Many labs have documented a rise in slow wave activity

during slow wave sleep associated with increased waking task requirements demanded from

the same area neocortex (Borbely et al., 1981; Ferrara et al., 2008; Franken et al., 1991;

Krueger and Obal, 1993; Vyazovskiy et al., 2000; Borbely and Achermann, 2005; Esser et

al., 2007; Riedner et al., 2007; Vyazovskiy et al., 2007). Such reactivation events occur

during these delta or sharp waves (e.g. (Kudrimoti et al., 1999; Ribeiro and Nicolelis, 2004;

Wilson and McNaughton, 1994)), which we will henceforth call slow waves.

NonREM sleep reactivation for memory interleaving and consolidation

The function of such coordinated offline reactivation has been proposed to be for memory

consolidation. A host of multiple single unit publications hypothesize that slow wave-
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dependent activity would serve to strengthen memory circuits even though most of them

have shown that cross correlations strong at the start of slow wave activity are weakened

within 10-20 minutes of such activity (Kudrimoti et al., 1999; Wilson and McNaughton,

1994). LTP requires postsynaptic membrane depolarization coincident with presynaptic

action potentials to allow the intracellular cascade of molecular events that effect long term

increases in synaptic strength. The conditions of LTP may be well satisfied during

hippocampal slow wave oscillations and reactivations (Tsukamoto-Yasui et al., 2007). Cells

are synchronously depolarized allowing voltage-gated Ca2+ channels to open and the

unblocking of NMDA channels associated with plasticity changes, and connected neurons

that synchronously fire together allow spike timing dependent plasticity (STDP) (Bi and

Poo, 1998) to occur at their synapses.

Neurochemistry not right for LTP in nonREM sleep

However, direct evidence of a synaptic plasticity function of spontaneous offline

hippocampal reactivation, whether during waking or sleep, is lacking. Indeed, synchronous

firing may not be enough. Acetylcholine, so influential for synaptic plasticity as mentioned

in the REM sleep section above, is at a minimum in the forebrain during nonREM sleep.

Indeed, the addition of ACh eliminates slow waves (Lapierre et al., 2007; Vanderwolf and

Stewart, 1986). In fact, ACh is not present in the slow wave producing hemisphere during

unihemispheric sleep (Lapierre et al., 2007).

Genes not available for LTP in nonREM sleep

Further complicating the hypothesis that reactivation during nonREM sleep serves synaptic

plasticity is the problem that no one has successfully induced LTP in vivo in the absence of

ACh, during slow wave sleep (Bramham and Srebro, 1989; Leonard et al., 1987). More

evidence against slow wave reactivation as the state to enhance LTP includes the finding

that calcium-dependent gene expression related to synaptic plasticity is absent during

nonREM sleep (Pompeiano et al., 1994; Ribeiro et al., 1999; Ribeiro et al., 2002). In fact

there is a rise in depotentiation-related genes and drop in LTP-related genes during sleep

(Pompeiano et al., 1994; Pompeiano et al., 1995; Pompeiano et al., 1997; Basheer et al.,

1997; Cirelli and Tononi, 2000b; Cirelli and Tononi, 2000a).

NonREM sleep reduces synaptic strength?

The best two pieces of physiological evidence to date that slow wave dependent processing

affects synaptic weights are 1) a rise in the amplitude of slow waves after extended waking

experience that becomes attenuated again after a period of slow wave activity ensues

(Vyazovskiy et al., 2000; Steriade, 2004; Hanlon et al., 2009), and 2) the decline in evoked

potentials across sleep (Esser et al., 2006). These results support a role of slow wave

processing in reducing the strength of synapses, rather than increasing them, which runs

counter to most hypotheses of the role of slow wave processing for learning and memory.

Mechanisms for nonREM sleep downscaling

One mechanism whereby slow wave coincident reactivation could lead to synaptic

downscaling or depotentiation rather than LTP is the finding that slow waves activate
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voltage gated Ca2+ channels to allow in a little calcium, and that small amount of

intracellular Ca2+ is not augmented by simultaneous pre and postsynaptic depolarization in

the ~ 50% of slow waves that do not include ordered replay (Karlsson and Frank, 2009;

Foster and Wilson, 2006). A disorderly replay would cause heterosynaptic depotentiation,

caused by the asynchronous activation of post-then-presynaptic elements according to the

rules of STDP. If postsynaptic activity is also not amplified by muscarinic acetylcholine

receptor activation during nonREM sleep, then the intracellular cascade and absent strong

activation of beta adrenergic receptors is set up to produce long term depression (LTD)

instead of LTP. Small rises in intracellular Ca2+ set into motion a cascade of events that lead

to LTD or depotentiation, rather than LTP (for review, see (Blitzer et al., 2005)).

Synaptic stabilization and embossing

Instead of de novo synaptic strengthening, nonREM sleep may be a time for the secondary

and tertiary changes required to convert short term potentiation (early LTP, lasting minutes

to a few hours) into long lasting LTP (late LTP, measured for months). Protein synthesis,

which is required for long term LTP (late-LTP) (Krug et al., 1984; Frey et al., 1988; Otani et

al., 1989), is extensively increased during the nonREM sleep (Ramm and Smith, 1990).

Without protein synthesis, early LTP, which is protein synthesis-independent, would not

turn into late-LTP and would last only last 4-6 hours (Abraham and Bear, 1996; Abraham,

2003; Krug et al., 1984; Frey et al., 1988; Reymann and Frey, 2007), which is, perhaps not

by mere coincidence, the same critical window for sleep dependent consolidation of novel

learning (see Sleep Deprivation section, below). Thus, nonREM sleep reactivation may

serve to stabilize synapses by completing the necessary protein synthesis for those synapses

that underwent sufficient LTP during prior wakefulness to induce such protein synthesis.

At the same time, nonREM sleep could serve to downscale synapses that were only weakly

potentiated. If a neuron is used in an established cognitive circuit during wakefulness, then

its synapses may be enhanced and ‘tagged’ (see below), but may not be sufficiently

strengthened, e.g. by the extra reverberatory firing that novelty imparts or without the push

toward LTP that neuromodulators like cortisol and noradrenalin induced by novelty would

give. Such weak synaptic enhancement during wakeful cognition would create a synaptic tag

(exact mechanisms still unknown, Frey and Morris, 1997, 1998; Frey and Frey, 2008) that

would degrade over a few hours without stabilization with plasticity related proteins, if

strong stimuli at another synapse does not set into motion the production of such plasticity

related protein synthesis.

We propose that the approximate length of time that a tagged synapse has to be boosted or

degraded probably depends on how near the synapse is to the cell soma and thus how much

interference it receives through backpropagation (Golding et al., 2001) and how active the

cell is in other circuits. The closer to the soma and more active the cell is in other cognitive

tasks, the more likely early LTP is to be degraded through heterosynaptic depotentiation

mechanisms. This process may explain proactive interference. The length of time that a

tagged synapse has to survive before being degraded or enhanced probably also defines the

timing of the sleep-critical window (Smith, 1985). Further, the strength of the waking

experience may dictate whether only nonREM sleep-related protein synthesis is needed in
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that window, or de novo synaptic strengthening that can be induced by REM sleep

reactivation. NonREM sleep-related synaptic interference could downscale weakly

potentiated synapses whose ‘tag’ was not picked up. Protein synthesis in nonREM sleep

could stabilize strongly strengthened synapses and their weakly tagged neighbors. But, it is

probably only during REM sleep that synaptic remodeling (de novo LTP and targeted

depotentiation) occurs, thereby embossing the memory system, downscaling some synapses

and strengthening others, for all the reasons outlined in the REM sleep section, above.

If downscaling of reactivated familiar memories occurs during nonREM sleep (noise

elimination), then the hypothesis that REM sleep is for forgetting purported by Francis Crick

and Mitcheson in 1983(1983) would also apply to the state of nonREM sleep.

A very notable exception to the idea that nonREM sleep allows the strongly potentiated

synapses (and strong paired with weak) to be stabilized while weak synapses are allowed to

fade, is the activity and neurochemical environment surrounding the occurrence of sleep

spindles, which also occur during nonREM sleep, but normally during the ascending Stage 2

of nonREM sleep, also known as intermediate sleep or the transition to REM sleep.

TR/Stage 2 sleep spindles

Siapas and Wilson (1998) and Siapas et al., (2005) showed that strong synchronization

between the hippocampus and prefrontal cortex occurred during a state characterized by the

simultaneous appearance of cortical sleep spindles (during nonREM sleep) and hippocampal

theta (characterizing REM sleep) in the normal learning rat. Rats trained on a spatial maze

showed enhanced correlated firing between these areas during a working spatial memory

task compared with a nonspatial task (Jones and Wilson, 2005). But Romcy-Pereira and

Pavlides (2004) found that transmission between the medial prefrontal cortex and the

hippocampus is strongest during this nonREM sleep state. We have observed such

dissociated states in learning rats (Emrick et al., 2008).

One of the fascinating characteristics of sleep spindles is that they are generated by the

thalamic reticular nucleus, and do not occur in the presence of NE. In fact, locus coeruleus

neurons fall silent in the second preceding each spindle (Aston-Jones and Bloom, 1981),

allowing the reticular neurons to hyperpolarize until they emit Ca2+ spikes in the spindle

frequency and coordinate the cortical projection neurons to cause cortical cells to oscillate

together in a characteristic spindle (11-16 Hz) fashion (Lee and McCormick, 1996).

Serotonin and ACh in the thalamus also prevent spindling. Thus spindles occur in a

neurochemical environment similar to that of REM sleep, but perhaps in the absence of ACh

and only in brief (1-3 s) bursts during nonREM sleep.

In several studies there is a very good correlation between spindle occurrences during sleep

and waking learning (Molle et al., 2006). And in the highly plastic visual cortex of the

kitten, synaptic changes after monocular deprivation are well correlated with spindle density

(Frank et al., 2001). Datta et al. (Datta, 2000; Mavanji and Datta, 2003; Datta et al., 2004)

found that the TR state showed the highest increase (>300%) after intensive two-way active

avoidance training in those animals that retained the task best between the training and

testing period.
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If neuronal activity between the hippocampal output CA1/subiculum region and prefrontal

cortex are coordinated during spindles or theta/spindle complexes, while NE is absent and

serotonin levels are low, then the hippocampus could cause the same kind of targeted

bidirectional synaptic reorganization in the prefrontal cortex during nonREM sleep that it

may cause within itself during REM sleep. Further, the strong reactivation of the locus

coeruleus that initiates the termination of each spindle (Aston-Jones and Bloom, 1981) could

allow the de novo synaptic strengthening that the circuit could need for memory

consolidation. Such coordination between the hippocampus and prefrontal cortex may not

occur during REM sleep, as it has been observed that the two areas do not fire together

during REM sleep.

Waking “offline” processing

The hippocampus also exhibits slow wave activity during “offline” waking, here called quiet

waking. A paper by Foster and Wilson showed that reactivation sequences occurring in the

hippocampus during waking slow waves are backward in firing order compared to waking

experience (Foster and Wilson, 2006). Spike timing dependent plasticity principles would

dictate that reversed reactivation sequences may actually reverse the LTP gains on the maze

run. The CA1 cells we record receive their major inputs from the CA3 region of the

hippocampus, which is extensively recurrently connected. If postsynaptic target neurons fire

before the presynaptic inputs arrive, as would be the case with backwards reactivation, then

LTD or depotentiation should result. Such a result would be consistent with the observation

that increased periods of wakefulness from the time of training to testing, without

intervening sleep, serve to interfere with memory performance. Waking reactivation may

serve an opposing plasticity function to waking learning and sleep reactivation, consistent

with behavioral data of reduced performance across post-training wakefulness (Jenkins and

Dallenbach, 1924; Wamsley et al.). This unraveling of memory during prolonged

wakefulness may be why the traits of sleep are so important for memory preservation and

consolidation. The theoretical need for reactivation to occur offline is to interleave the new

information in with the old in the absence of sensory interference (Jenkins and Dallenbach,

1924; Melton and Irwin, 1940; Winson, 1990; McClelland et al., 1995; Dave and

Margoliash, 2000). In songbirds learning their song, Deregnaucourt et al (2005) found that

across waking experience the song becomes more complex and error filled, but the song

simplifies with the preservation of correct learned elements across sleep. Both song and

speech learning literature indicates a 40-50% decrease in dendritic spines in zebra finches

and mynah birds, respectively (Wallhausserfranke et al., 1995; Rausch and Scheich, 1982).

It would make sense that such pruning of unneeded synaptic elements would occur during a

sleep state where depotentiation and synaptic pruning were allowed.

Dissociated states

The traits mentioned for each state listed above are largely dissociable from that state, even

under normal conditions. Thus it may be less useful to ask what state serves what cognitive

function, than what set of traits is necessary for each stage of preparing the brain for

maximal waking effectiveness. Persons suffering under depression have altered brain

neurochemistry. It could be that the noradrenergic and serotonergic environment and

hippocampal patterned reactivation necessary for memory consolidation could occur, under
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certain conditions (e.g. prolonged sleep restriction and psychiatric illness), during the

normally short state of intermediate sleep at the transition from nonREM sleep to REM

sleep (Lairy et al., 1967; Mahowald and Schenck, 1992). Intermediate sleep is much

increased under certain psychiatric conditions; whereas in normal persons transitions are

scored at less than 10%, under psychiatric illness it can comprise up to 40% of total sleep

time (Akindele et al., 1970; Nielsen, 2000). Features of REM sleep can appear in other

states, a phenomenon Neilsen called “covert REM” (Nielsen, 2000). Data from Subimal

Datta’s lab shows drastic increases in transitions to REM sleep during intensive learning

(Datta, 2000; Mavanji and Datta, 2003; Datta et al., 2004). However, very little overall time

in any state with the right traits present may be necessary to accomplish LTP or

depotentiation: since single bursts of theta frequency stimuli can cause LTP and

depotentiation (Huerta and Lisman, 1995), such effect could be obtained in only a few

seconds of replay in the proper phase of the ongoing EEG.

Sleep deprivation: physiological ramifications

Controversies and consensus

There have been many informative sleep loss studies looking at what changes between those

deprived of all or various stages of sleep and paired controls, to understand how sleep is

important to cognition. There have been some mixed results in the sleep deprivation and

learning field, however. An important early review by McGrath and Cohen (McGrath, 1978)

gave logical methodological reasons for the discrepancies, but still, given the relative dearth

of knowledge in both the sleep and the learning fields, interest in the crossover between

them waned for more than a decade. Some generalities that can be pulled from the data are

as follows:

For rats, tasks requiring little change in the animal’s behavioral repertoire are REM sleep

independent, according to Seligman (1970). When training intensity is high, the need for

REM sleep for memory consolidation is more immediate (Smith, 1995); if REM sleep is

prevented in the first few hours after training, memory for the task will be impaired even if

total time spent in REM sleep is not diminished over the sleep period (Smith and Butler,

1982; Smith and Rose, 1996). Animals allowed to enter REM sleep in the first few hours

perform normally the next day, even when deprived of REM sleep in a later time window of

the sleep cycle. Thus the idea of critical REM windows for memory consolidation was

introduced (Smith and Butler, 1982; Smith, 1985).

There may also be critical windows for nonREM sleep-dependent reactivation. The critical

window for the conversion of early LTP to late LTP that varies with the strength of LTP as

well as other factors (discussed above) could be the physiological basis for these critical

sleep windows.

LTP effects of sleep deprivation

More recent studies have delved into the cellular consequences of sleep deprivation. REM

sleep deprivation inhibits LTP induction and maintenance (Campbell et al., 2002; Davis et

al., 2003; McDermott et al., 2003; Romcy-Pereira and Pavlides, 2004; Marks and Wayner,
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2005). Even basic cellular excitability metrics are depressed after the platform over water

method of REM sleep deprivation (McDermott et al., 2003).

Hippocampal neurogenesis

Hairston (2005) found that even only 6 hours of gentle REM sleep restriction impaired place

learning and abolished the learning-dependent rise in hippocampal dentate gyrus

neurogenesis. Two years earlier Guzman-Marin et al. (2003) found that total sleep

deprivation for 96 hours on an intermittently powered treadmill reduced neurogenesis in the

dentate by 40% and specifically those cells with neuronal cell markers by over 50%

(Guzman-Marin et al., 2005). Because adult neurogenesis is involved in learning and

memory (Gould et al., 1999), it is likely that such sleep deprivation induced reductions in

neurogenesis would impact future learning. One unanswered question is how long such

depression in neurogenesis lasts after recovery from sleep deprivation, and how long the

behavioral effects of prior suppression of neurogenesis lasts.

Neurogenesis occurs in the dentate and CA3 regions of the hippocampus (Tonchev and

Yamashima, 2006), the novelty encoding network. These are structures of the hippocampus

that do not fire primarily at theta troughs in REM sleep (Buzsaki, personal communication)

and, also unlike the CA1 region, they do not receive direct temperoammonic inputs from the

entorhinal cortex layer III to their distal dendrites. Therefore these areas may not be able to

depotentiate and refresh their synapses for novel encoding, but instead, once their synaptic

structure is saturated, they must be replaced with new neurons with fresh dendritic trees. The

inability to replenish saturated dendritic trees with new neurons may be the origins of the

sense of brain saturation and of feeling cognitively impaired after periods of sleep

deprivation.

Other informative effects of sleep deprivation

Because other chapters in this book cover the human and imaging sleep and cognition data,

including the effects of sleep deprivation, we will only list some of the other effects that

could give clues as to the mechanisms of sleep impacting cognition here. Sean Drummond’s

lab has shown (Drummond et al., 2001) that sleep deprivation causes the subjects to recruit

more brain areas in the performance of the same cognitive task. Matt Walker showed that

hippocampal function is drastically reduced in an fMRI study after one overnight total sleep

deprivation (Yoo et al., 2007). One of the arguments against the relationship between sleep

and cognition is that people treated for depression with monoamine oxidase inhibitors and

other antidepressants obtain little to no REM sleep for long periods of time, yet have no

obvious learning and memory deficits. However, learning and memory deficits have been

documented for persons and animals on antidepressant medications (Burt et al., 1995;

Burgos et al., 2005). Furthermore, while it is true that drugs like mono-amine oxidase

inhibitors (MAOIs) significantly reduce REM sleep time, depending on the dose and

individual, they often do not eliminate REM sleep altogether; on any given night the amount

of REM sleep recorded from persons on MAOIs is from 0-75% of baseline (Akindele et al.,

1970; Nicholson et al., 1989; Riemann et al., 2001). Learning needs may make homeostatic

demands on the REM sleep generating mechanisms (e.g. the PGO wave generator and/or the

theta generator) that either temporarily increase REM sleep levels in these people despite
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their medications, or cause the traits to dissociate into other states. Interestingly, reticular

stimulation either electrically or with carbachol (an ACh agonist) can reverse the mnemonic

impairments imposed by REM sleep deprivation (Hars and Hennevin, 1983; Datta and

Siwek, 2002).

Some Unsolved Mysteries

The mysteries still outnumber the things known and hold pace with the unsolved questions

in both the sleep and learning fields. The principles of working memory are only beginning

to be understood among neuroscientists, and there are few studies describing the effects of

sleep loss on working memory (Hagewoud et al., 2010; Smith et al., 1998). It is not yet

known whether memory recall always requires reconsolidation, the cellular basis for

reconsolidation, and whether there is a sleep function for reconsolidation. There are major

implications of sleep dependent reconsolidation for those suffering from sleep disturbance.

For example, those with Alzheimer’s disease have abnormal sleep and would thus, perhaps,

not want to perform memory recall exercises if reconsolidation mechanisms are not in place;

memories could be erased faster. Do dreams matter? If our brain is metaplastic during REM

sleep, and we are dreaming, would the content of the dream, even if not consciously

remembered, change our synaptic network structure and thus change our mind?

Future directions

This chapter presents phenomenological studies that outline mechanisms through which

sleep could serve learning and memory and general synaptic circuit reorganization. A

missing piece of the puzzle is direct evidence that the events occurring during sleep have

lasting effects on brain circuitry. The best studies published thus far were done by Frank and

colleagues (Frank et al., 2001; Aton et al., 2009), who showed that sleep deprivation

following monocular deprivation did not allow the plasticity events that occurred during

wakefulness to stabilize and be amplified. But there are many tests of synaptic plasticity in

intact functional circuits that can and should be employed in the online sleeping and learning

brain. Such tests will probably reveal a startling amount of neural plasticity over sleep and

waking states.

Summary

This chapter describes neurophysiologic processes during sleep that impact cognition and

those processes compromised by sleep loss. REM sleep traits like PGO waves, theta

synchrony, high acetylcholine levels, the loss of norepinephrine and serotonin and the return

of plasticity related gene transcription allow for freely occurring bidirectional plasticity:

long term potentiation (LTP) or its reversal, depotentiation. This bidirectional plasticity

during REM sleep affords synaptic remodeling in support of learning and cognition in the

hippocampal complex. Traits of nonREM Stage 2 sleep, especially spindles and the

neurochemical milieu that promotes them, are also probably highly conducive to synaptic

plasticity – perhaps allowing targeted bidirectional plasticity in the neocortex. Neuronal

reactivation of waking sequences at peaks of slow wave delta activity during nonREM sleep,

together with high protein synthesis levels, could serve to convert early LTP to late LTP, but

not engender new plasticity. Reactivation events on delta waves are sometimes disordered,
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even backward, which could depotentiate synaptic circuits by the principles of spike timing

dependent plasticity, especially as delta sleep is characterized by low acetylcholine levels

and by the activation of genes supporting depotentiation. Such depotentiation events at delta

peaks could serve to downscale synapses of certain circuits during nonREM sleep and

perhaps quiet wakefulness. Finally, sleep deprivation studies revealed deficits in neuronal

excitability and LTP mechanisms that would affect future learning as well as memory

consolidation and possibly reconsolidation. The evidence set forth points to an overall

function of embossing of synaptic circuits to add definition to and integrate memories,

distinguishing them from the noise introduced to synaptic weights throughout wakefulness.

The activity patterns, neurochemical and gene environments of sleep thus serve to clear

noise and strengthen weakened networks of neural circuits for efficient subsequent cognitive

processing demands.
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ACh Acetylcholine

LC locus coeruleus

LTP Long Term Potentiation

LTD Long Term Depression

MAOIs mono amine oxidase inhibitors

MRF medial reticular formation

NE Norepinephrine

nonREM sleep non rapid eye movement sleep

PGO waves ponto-geniculo-occipital waves

REM sleep rapid eye movement sleep

TA temporo-ammonic pathway

TR transition to REM sleep
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Fig. 1.
Electroencephalographic (EEG) and electromyographic (EMG) signals across 20 s of

recording time. (A) Vertical grid spacing is 200 mV. Cortical EEG was taken as the

differential signal from screw electrodes placed over the frontal cortices. Hippocampal EEG

(hEEG) was recorded from a tetrode (4 individual 12 μm nichrome recording wires twisted

together such that the distance between wires is ~15 μm) placed at the hilus and referenced

to a tetrode placed in the corpus callosum. These data were taken from a rat implanted with

a tetrode assembly (12 tetrodes) recorded from a resting pot after a maze run during a period

of wakefulness (high variable EMG) without voluntary movement, allowing slow waves

rather than theta to appear in the hEEG trace. Slow waves appear in the hippocampus both

during non-REM sleep and during quiet wakefulness. (B) Times of action potentials from 17

simultaneously recorded hippocampal neurons (1 spike raster row for each cell) show bursts

of coincident reactivation at the depolarized peaks of the hippocampal slow waves (arrows)

during this period of quiet wakefulness.

Poe et al. Page 23

Prog Brain Res. Author manuscript; available in PMC 2014 September 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


