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Abstract

Understanding the role of sleep in memory consolidation is an important topic in cognitive
neur oscience because it could help us understand the functions of sleep as well as how memory is being
consolidated off-line during sleep. Here we review recent studies that focus on the neurophysiological
changes that occur during sleep and how these sleep-dependent changes could benefit memory
consolidation. In particular, rapid eye movement (REM) sleep provides a preferential time window for
memory consolidation across molecular, cellular and synaptic levels while slow-wave sleep (SWS)
provides a second time window for memory consolidation at the neural-network level. It isproposed that
high-frequency oscillationsin the hippocampus (e.g., ripple events) serve as an endogenous trigger for
long-term potentiation that plays a critical role in connecting a variety of sleep-dependent neuro-
physiological processes. We further suggest that repeated alternation of SWS and REM are needed in
order to get a “good night’s sleep”. New findings from studies examining how prenatal choline supple-
mentation produces organizational changesin hippocampal function, may provide a useful model for
validating the importance of hippocampal ripple events in facilitating memory consolidation during
both REM sleep and SWS. These data support our general conclusion that the types of neural plasticity
supported by prenatal choline supplementation and sleep are vital for cognitive health, because they
produce a host of neur ophysiological changes, some of which arealsoimportant for memory consolidation.
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Introduction

Sleep is a basic function needed for survival
and is a physiological state that is widely shared by
all members of the animal kingdom. Although the
amount of sleep differs among species, it even differs
as a function of age among individuals within the
same species (for acomparative review, see 122). On
average, adult humans sleep 8 h aday. Because one

third of our lifespan is spent asleep, understanding
the functions of sleep (e.g., in terms of homeostatic
and cognitive functions) has long been an intriguing
topic for philosophers, physicians, and especially for
neuroscientists. Modern sleep research began with
the seminal report by Aserinsky and Kleitman (2
and 37). In essence, Kleitman and colleagues were
the first to characterize different stages of sleep by
utilizing electroencephalography (EEG) in human
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Table 1. Distinct oscillatory patternsin hippocampal and cortical regionsduring different sleep states

NREM Sleep

REM Sleep

Surface EEG in the cortex

from human studies

LFP in the hippocampus

from animal studies
(~200 Hz) (ref. 61).

Slow oscillations ranging from 1-4 Hz
(delta) and from 7-14 Hz (theta) (ref. 121).
Large-amplitude irregular activity (LIA)
with some fast sharp-wave oscillations

Fast (20-50 Hz) oscillations (ref. 131).

High power of theta oscillations (5-7 Hz)
(ref. 32).

NREM = Non-rapid-eye movement sleep; REM = rapid eye movement sleep; EEG = Electroencephal ography; LFP =

local field potentials

participants, thus beginning an erain which sleep was
studied not only quantitatively (i.e., how long we
sleep), but also qualitatively (i.e., how well we sleep).
As aresult of this major advance, sleep is no longer
considered to be a state of quiescence. Instead, we
now know that dynamic and complex EEG patterns
occur repeatedly across a period of sleep and the
functions of sleep (or more importantly, the cognitive
functions of sleep) have become accessible to neuro-
scientists. In the current article, we review critical
sleep studies with a special focus on the hypothesized
roles of sleep in memory consolidation.

Sages of Seep

In human sleep studies that utilize brain EEG
and electroocul ography (EOG), sleep can be classified
into two distinctive states—non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep.
NREM sleep can be further partitioned into 4 different
stages with Stages 1 and 2 characterized by sleep
spindles and K-complexes while Stages 3 and 4 are
characterized by slow waves (also known as slow-
wave sleep, SWS). During early development, human
infants spend about 50% of their total sleep timein
REM sleep and this amount gradually declines to
20%-25% over the first two years of life (18). Both
REM and NREM sleep states cycle alternately during
afull night of sleep, usually 4 cycles per night’s sleep
in healthy adult humans (36). From the EEG recording,
REM sleep is characterized by patterns of short-scale
and fast (20-50 Hz) oscillationsin the cortex, a pattern
known as cortical “ synchronization at high-frequency”
during REM sleep (e.g., see 131, 132). During SWS,
however, the surface EEG shows slow-wave oscilla-
tions ranging from 1-4 Hz (delta) and from 7-14 Hz
(spindle) that are typical patterns for this sleep state
(42, 44, 101).

In contrast to studies of human sleep patterns
that record EEG’ s via surface electrodes, sleep experi-
ments in cats, rodents, and other animals, typically
involve the implantation of recording electrodes
directly into the brain (but see 51 and 115 for excep-
tions). Electrophysiological recordings from the

hippocampus are commonly reported in the animal
literature because most of these studies examine spatial
behaviors that rely on the hippocampus—although not
all typesof learning and memory are equally dependent
on this brain region (71, 79, 89, 94, 105). In general,
SWS and REM sleep in animals can be determined
by specific oscillatory patterns of the hippocampal
local field potentials (LFP). For example, during
REM sleep, the hippocampal LFP exhibits strong
theta oscillations, a frequency band that is commonly
defined in the range of 5-12 Hz (32). During SWS
sleep, the hippocampal LFP displays slow oscillations
(in delta band that ranges from 1-5 Hz, see 133-135)
occasionally mixed with fast oscillations (up to 200
Hz) as described by Jarosiewicz et al. (61). Itis
also possible that sleep studies can be conducted by
recording neural signals from regions other than the
hippocampus, such asthe striatum (75). In conclusion,
different stages of sleep are characterized by distinct
neural oscillatory patterns in both the surface EEG
and in the hippocampal LFP. It is these distinct os-
cillatory patterns that allow researchers to classify
each sleep stage and investigate how each sleep stage
relates to learning and memory (see Table 1). Inthe
following sections, we will discuss neurophysiol ogical
changes that occur in each sleep stage and their
potential role in memory consolidation.

Characteristicsof REM Sleep Relevant to
Memory Consolidation

When determining any potential functions of
REM sleep, one must keep in mind that human infants
spend half of their sleep time in the REM sleep stage
(18), an amount that is much greater than the amount
reported for human adults. Hence, whatever the func-
tions of REM sleep are, it is either that infant REM
sleep is much less efficient than adult REM sleep or
that the infant’s REM sleep serves a different function
compared to the adult’s REM sleep. That is, some of
the functions of REM sleep could change as people
age whereas other functions might be shared across
the lifespan. While it remains to be determined which
functions of REM sleep belong to the first category
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(i.e., change as a function of age) and which functions
belong to the second category (i.e., constant as a
function of age), we propose that the following 3
functions fall into the second category and relate to
memory consolidation: Immediate early gene expres-
sion (IEG), maintenance of long-term potentiation
(LTP), and neurogenesis.

Immediate Early Gene Expression and Long-Term
Potentiation during REM Seep

The induction of IEG has been viewed as an
early indicator of brain region activation that leads to
further molecular and cellular processing and
ultimately protein synthesis. Hence, one can speculate
that as memory is being consolidated, there must be
activation of gene expression before any new protein
is synthesized in support of synaptic growth (66).
Indeed, after exposing ratsto an enriched environment,
an increase of zif-268 gene expression during REM
sleep, but not SWS, is observed in the hippocampus
(113). Furthermore, inducing LTP in the hippocampus
when rats are awake al so triggers zif-268 gene expres-
sion in extrahippocampal regions during subsequent
REM sleep (113). More importantly, deactivating
the hippocampus during REM sleep abolishes the
propagation of zif-268 gene expression in extra-
hippocampal regions, further suggesting that REM
sleep provides an exclusive time window for the ex-
pression of zif-268 following LTP induction (114).

The protocol for inducing the expression of
zif-268 in the hippocampus is similar to the protocol
for inducing hippocampal LTP. For example, both
zif-268 expression and LTP can be induced by high-
frequency stimulation and can be blocked by NMDA
receptor antagonists (31). This suggests that these
two phenomena share similar neural mechanisms.
Because of this similarity, if zif-268 expression is
related to REM sleep, one can also assume that hip-
pocampal LTP is also related to REM sleep. Indeed,
recent evidence has found that REM sleep deprivation,
but not SWS deprivation, impairs the maintenance
of hippocampal LTP (17, 60, 72). The devastating
effect of REM sleep deprivation on LTP may be able
to explain the memory deficits observed in sleep
deprived rats tested in a variety of hippocampal-
dependent tasks (e.g., 34, 35, 52, 77, 126, 127-but see
112 for results from a human study). In summary,
REM sleep appears to provide atime window for the
induction of I1EGS, such as zif-268 and the mainte-
nance of L TP, both of which areimportant for memory
consolidation and sensitive to REM sleep deprivation.

Neurogenesis during REM Seep

At the cellular level, recent studies have found

During REM After REM Sleep
Sleep Deprivation
Moleoular - ("|EG expression ) ¢ No IEG expression
Level L0 = expression ]
Synaptic ducti oy | ------- d|_Tp _____ |
Level nductionofLIZ /. 1 mpa|re --------------
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Level eurogenesis "..._Neurogenesis _.

\ )

All lead to impairments
in learning and memory

Fig. 1. Rapid eye movement (REM) sleep-dependent neuro-
physiological changes. REM sleep provides a time
window for a) immediate early gene expression (e.g.,
zif-268) at the molecular level, for b) maintenance of
long-term potentiation (LTP) at the synaptic level, and
for c) neurogenesis at the cellular level. REM sleep
deprivation likely impairs all three neurophysiological
changes and leads to impaired memory performance.

that total sleep deprivation is deleterious to adult
neurogenesis in the dentate gyrus of the hippocam-
pus (54, 55). By selectively depriving rats of different
stages of sleep, researchers are able to demonstrate
that the deprivation of REM sleep, but not of SWS,
isresponsible for the reduction in neurogenesis (53).
Recent evidence has suggested that adult neurogenesis
in the hippocampus is involved in certain types of
learning and memory (e.g., see 12, 48, 67, 141 or 120
for arecent review). Hence, regulation of hippocampal
neurogenesis by REM sleep may provide a potential
connection between sleep and memory consolida-
tion. Indeed, an increase of hippocampal neurogen-
esis is observed only in rats that were trained in a
hippocampal-dependent water-maze task (56).
Furthermore, sleep restriction during the first 6 h
after the initial training abolished this elevated
neurogenesis as well as impaired the behavioral
performance of rats in subsequent testing (56). Asa
result, REM sleep, especially the cycles occurring
during the first 6 h following initial training may
provide atime window for hippocampal neurogenesis
that is critical for learning and memory. Interestingly,
inducing LTP in the hippocampus by high-frequency
stimulation can also enhance hippocampal neuro-
genesis while blocking NMDA receptors can abolish
both LTP induction and neurogenesis in the hip-
pocampus (12, 29).

In conclusion, the evidence outlined above
connects REM sleep with hippocampal 1EG ex-
pression, LTP maintenance, and neurogenesis as
illustrated in Fig. 1. Connecting REM sleep to these
neurophysiological changes provides the basis for
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understanding the role of REM sleep in memory con-
solidation, which is consistent with the major findings
from numerous studies (9, 32-34, 102, 128-129).

Characteristics of SWS Relevant to Memory
Consolidation

In contrast to the long-held interest in studying
the connections between REM sleep and memory
consolidation, understanding the role of SWS in
memory consolidation has now gained momentum in
recent years sparked by series of reports that unveiled
the complex neural-network interactions and high-
frequency oscillations in the hippocampus during
SWS (e.g., 45, 65).

Pattern Replay in the Hippocampus during SWS

If the process of memory consolidation could
occur during sleep states after initial encoding during
waking states, then one would expect that the con-
solidation process would recruit the same neural con-
nections and/or replay the same patterns of neural
activity that were originally involved in the repre-
sentation of the information. It isthe neural represen-
tation of information that is being consolidated from
arelatively fragile, short-term form into amore stable,
long-term form. Consequently, the same subset of
neurons that were originally involved in processing
and representing the “to be remembered” sensory
input should be activated again when the informa-
tion is transferred from recent memory into remote
memory (43). The phenomenon of the same group of
neurons being activated again during sleep is called
“pattern replay” and wasfirst reported by Wilson and
McNaughton (148). Specifically, rats’ hippocampal
place cells that fired together during a spatial task
tended to fire together again during subsequent SWS.
Later experiments replicated this finding (124), but
did not find similar pattern replay during REM sleep
(68, but see 73). Hence, neuronal pattern replay
during SWS seems to be an underpinning of memory
consolidation. In addition, Lee and Wilson (70)
showed that neural pattern replay during sleep occurs
about 20 times faster than the original pattern took
to unfold in real time. That is, the firing pattern is
preserved, but the time scale for the replayed pattern
is compressed approximately 20-fold. This pattern
replay phenomenon and its compressed time scale
have al so been observed by Ji and Wilson (62), further
suggesting that SWS provides a time window for
replaying the neural response patterns that may reflect
memory consolidation for certain types of memory
(109, 130, 138, 143). Indeed, slow-wave oscillations
are thought to be associated with synchrony be-
tween cortical regions that provide an environment

for large-scale coordinated information transfer
during SWS (15, 39, 57, 118, 140, 149). In thisre-
gard, Buzsaki (14) has proposed that cooperative
neuronal activity patterns during SWS may reflect the
transfer of information in “quantal units” from the
hippocampus to the prefrontal cortex where they are
consolidated into more stable representations with
overlapping and distributed connections (also see
68).

High-Frequency Oscillations in the Hippocampus
during SWS

As noted above, a paradoxical characteristic of
slow wave sleep is that the hippocampus actually
displays some high-frequency oscillations (up to 250
Hz) during this sleep stage (13). These high frequency
oscillations may occur because of the physical property
that allows wave forms with different frequency bands
to be embedded with each other, i.e., high frequency
waves can reside in slow frequency waves. Speci-
fically, the high-frequency oscillations that occur
during SWS are comprised of ripple oscillations with
arange from 100-250 Hz. In order to focus on these
ripple oscillations, it is a common practice to use
digital filters to isolate the ripple component from
the raw oscillatory traces with full spectrum wave-
forms (for details about digital filters, please see 74).
In the filtered LFP traces, there is another distinctive
feature referred to as aripple event, which is defined
based on a transient magnitude increase over a short
period of time. Once individual ripple events are
identified, one can quantify many aspects of these
events as parameters—the frequency of their occur-
rence in a period of time, their mean amplitude, and
their mean duration or width as illustrated in Fig. 2.
Although hippocampal ripple events can occur during
the waking state (3, 30, 69), numerous studies report
that during sleep ripple events preferentially occur
during SWS, and are less frequent during REM sleep
in rodents (68, 99), monkeys (125), and humans (3,
69, 98).

What impact, if any, do hippocampal ripple
events during SWS have on memory consolidation?
As mentioned above, pattern replay is a feature of
neural activity during SWS and the general con-
sensus is that pattern replay may be involved in the
interaction between hippocampal and neocortical
regions (64-65, 145). During this replay process,
researchers have found that hippocampal ripples are
the main identifiable feature of cortico-hippocampal
interactions during SWS (e.g., 7, 121, 123). In a
more detailed analysis, the replay processis*chunked”
in separate frames and each frame is characterized
by a burst of hippocampal ripple events reflecting
information transfer into long-term memory at a
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Fig. 2. A representative hippocampal ripple event. The am-
plitude of this ripple event is about 32 mv as indicated
by the distance (A) while the duration (or width) of
thisripple event is about 60 ms (B).

particular baud rate (10, 62, 81, 83, 107, 109). Taken
together, the process of memory consolidation during
SWS can be characterized by the following scenario:
A group of hippocampal neurons that showed
correlated firing during the acquisition of information
in the waking state also show correlated firing, but in
atime compressed manner (i.e., pattern replay) during
SWS, atime period during which ripple events also
preferentially occur.

To further establish the causal relationship
between the features of SWS (i.e., pattern replay and
ripple events) and memory consolidation, one might
change the pattern replay and observe whether memory
consolidation is affected. While changing the pattern
replay istheoretically possible, itisextremely difficult
to identify all of the neurons that are responsible for
the representation of a specific external event and
manipulate them in an appropriate manner. Conse-
guently, measuring and manipulating ripple eventsis
considered to be more plausible experimentally.
Indeed, recent evidence suggests that hippocampal
ripple events are involved in the storage of new
spatial information (27), and also serve as an indi-
cator of theinitial learning experience during waking
periods (108). During subsequent SWS, the magni-
tude, duration, and frequency of ripple events are all
increased during the first hour of sleep following the
initial learning experience (40). Furthermore, if these
ripple events are disrupted during SWS, the acquisition
of aspatial task isimpaired (47). In addition to these
rodent studies, the importance of SWS in memory
consolidation has also been reported in human par-

During SWS

Pattern Replay
Neural

Network
Level
Ripple Oscillations/Events

i'”_ Abolishing Hippocampal Ripples

Leads to impairments
in learning and memory

Fig. 3. Slow-wave sleep (SWS) dependent neurophysiol ogical
changes. Pattern replay isthe process of having the same
group of neurons activated again during sleep that
were originally activated by awaking experience. This
process is also accompanied by hippocampal ripple
events. If these ripple event are disrupted, subjects
exhibit impairmentsin learning and memory (see 47).

ticipants (45, 78, 98). In particular, the co-occurrence
of hippocampal ripple events together with cortical
slow-wave activity (e.g., spindles and delta oscilla-
tions) during SWS may provide a bridge mechanism
for further memory processing between these two
brain regions (30, 57, 70). In conclusion, the im-
portance of SWS in memory consolidation is pro-
posed to be at the neural-network level asitstwo main
neurophysiological features (e.g., pattern replay and
ripple oscillations/events — as diagrammed in Fig.
3) are directly related to hippocampal — neocortical
interactions.

Alternation of Sleep Stages: Possible Benefits
for Memory Consolidation?

Perhaps because most sleep studies have focused
on the role of individual sleep stages in memory
consolidation (i.e., SWS or REM sleep, but not both),
it isstill not understood why a “good night’s sleep” is
composed of multiple episodes of SWS and REM sleep
that alternate several times. It isalso unclear whether
this cycling of sleep stages provides any benefit to
memory consolidation. In general, a good balance
between the amount of SWS and REM sleep seems to
be important because many psychological disorders,
especially depression (106), are more or less related
to an imbalance between these two sleep stages (38,
142). To account for this unexplored issue, we propose
a novel theoretical framework regarding how the
alternation of sleep stages may provide a global neural
mechanism for memory consolidation.
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Mechanisms of Memory Consolidation During
Sleep Stage Alternation
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Fig. 4. A global neural mechanism for deep-dependent memory
consolidation that includes all the neurophysiological
changes proposed to occur during each sleep stage.

As reviewed in previous sections, REM sleep
provides a preferential time window for IEG ex-
pression, maintenance of LTP, and neurogenesis in
the hippocampus from the molecular to the synaptic
and cellular levels. In contrast, SWS provides a
preferential time window for pattern replay and ripple
oscillations/events at the neural-network level. When
combining the two sleep stages, it vertically integrates
several neural mechanisms from the molecular level
to the neural-network level involved in memory
consolidation asillustrated in Fig. 4. In other words,
if one considers memory consolidation to ultimately
result in the modification of synaptic weights within
a distributed cortical network, then the specific
hippocampal-neocortical interactions occurring
during SWS and REM sleep serve to “set the stage”
for this information transfer. The idea that memory
consolidation is “a continuing series of biological
adjustments” fits well with the characteristics of sleep
stage alternation (136). To further delineate the
mechanisms of those biological adjustments and how
they integrate “vertically”, we propose that hippocam-
pal ripple events are playing a critical role in the
process of memory consolidation during sleep for the
following reasons.

First, hippocampal ripple events may serve as
the in vivo mechanism for the induction of LTP be-
cause their frequency range overlaps with the opera-
tional definition of the high-frequency stimulation
required to induce hippocampal LTP in vitro. In
fact, asingle burst of electrical stimulation at 100 Hz
given at the peak phase of theta oscillations in the
hippocampal slice can induce robust LTP, while the
same burst of stimulation given at the trough of theta

Mechanisms of Memory Consolidation During Sleep
Stage Alternation
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Fig. 5. Hippocampal ripple eventsplay avita rolein thisneural
mechanism because of its ability to induce long-term
potentiation (LTP). Thisin vivo-induced LTP during
rapid eye movement (REM) sleep initiates gene expres-
sion and neurogenesis, al providing the “raw materias’
for further processing during slow-wave sleep (SWS).

oscillations induces long-term depression (58, 104).
As a consequence, this bidirectional synaptic
plasticity, regulated by the synchronization of high-
frequency stimulation with hippocampal theta
oscillations, enables the modification of synaptic
weights by either strengthening or weakening the
connections (59). Theideathat in vivo high-frequency
oscillations could serve this role has previously been
suggested (6, 14, 23) and is supported by empirical
evidence (8). Second, thisin vivo-induced LTP further
triggers |EG expression (114) in route to protein syn-
thesis at the molecular level as well as stimulating
neurogenesis at the cellular level during REM sleep
(12, 29). Finally, to incorporate the newly-synthesized
proteins and newly-generated neuronsinto established
neural networks, pattern replay is recruited during
SWS such that these neural networks go through
a process of reorganization and reactivation that
ultimately consolidates the encoded information
through NMDA -dependent consolidation processes
asillustrated in Fig. 5. Once the NMDA receptor is
activated, it triggers the calcium-signaling cascades
inside the neurons that eventually lead to modifica-
tion of synaptic weights (137), and growth of dendrites
(150); both proposed as key elements in models for
long-term memory (e.g., 28, 119). Therefore, we as-
sumethat a“L TP — gene expression — neurogenesis’
process provides the necessary materials to support
consolidation and storage of information in long-
term memory. Inthismanner, the benefit of alternating
sleep stages begins during SWS with high-frequency
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hippocampal ripples that induce LTP thereby trig-
gering a sequence of molecular and cellular events
during pattern replay.

Based on the theoretical framework described
above, one can speculate that the expression of
memory-related genes and neurogenesis during
REM sleep, both triggered by in vivo high-frequency
stimulation are providing the active ingredients for
further information processing in subsequent stages
of SWS. This provides one explanation as to why
sleep stages alternate — each sleep stage generates
products for further processing in the subsequent
sleep stage. The fact that human infants spend half
of their sleep time in REM sleep supports this pro-
posal because developing infants require more “raw
materials” for developing neural connections (i.e.,
more synaptic proteins and neurogenesis). As most
researchers agree that memory consolidation is an
oNngoing process requiring gene expression and pro-
tein synthesis (66 — but see ref. 50 for an alternative
view), the repeated alternation of REM sleep and
SWSis actually beneficial to the ongoing process of
memory consolidation. In other words, this process
requires all the neurophysiological changes that occur
during sleep with some preferentially occurring during
REM sleep and others during SWS. These molecular
and cellular processes function optimally only if the
two sleep stages alternate in time. |If any of these
neurophysiological changes are disrupted (e.g., by
sleep deprivation), the net result is compromised.
While it is likely that the alternation of sleep stages
benefits memory consolidation, one would expect
that the consolidation process will not be fully com-
pleted in just one sleep cycle or even in one night’s
sleep. Because memory consolidation is likely to
be an ongoing process (136), one might expect that
adjustments occur over different time scales (e.g.,
hours, days, or weeks) and at different levels (e.g.,
molecular, cellular, and neural-network). For ex-
ample, when new proteins are produced after gene
expression near the nucleus of the cell body, it takes
time for these proteins to be transported to synapses
where the synaptic weights are being modified.
Accordingly, it is likely that sleep, especially the
alternation of sleep stages across several nights, may
be crucial to this ongoing process.

Even within a sleep state, multiple oscillatory
events may be critical to memory formation. For
example, one physical property of waves is that
waveforms with different frequencies can “add on”
to each other thereby constituting a complex wave-
form. Hence, it is tempting to speculate that hip-
pocampal ripple events within the frequency range
of 100-250 Hz, may be the key to “unlock” specific
gene expression that is critical to memory consolida-
tion. For example, ripple eventsin range of 150-180

Hz could preferentially induce the expression of
zif-268, while ripple events in a different frequency
range (e.g., 180-200 Hz) could induce the expression
of other IEGs. Thus, afull spectrum of high-frequency
oscillations may trigger a family of IEGs. Although
this proposal remains to be empirically tested, it
provides insight into the complex nature of the rela-
tionship between neuronal oscillations in sleep and
memory consolidation.

Finally, does memory consolidation exclusively
occur during sleep states, but not during the awake
state, which is the traditional position taken on sleep
and memory consolidation? Not necessarily, if the
proposal outlined above is correct, one would expect
that a subject would need to enter a sleep state soon
after the initial exposure to a new experience in order
to consolidate it into long-term memory. Recently, a
growing body of evidence suggests that some aspects
of memory consolidation begin as early as the first
rest state following the initial encoding (3, 5-6, 116).
An overview of this alternative theory of sleep and
memory consolidation has recently been presented
by Axmacher and colleagues (4). Within the sleep
literature, one can also find that some memory tasks
are relatively immune to REM sleep deprivation
while others are immune to SWS deprivation. At
first glance, this may violate the prediction of our
“vertically-integrated” model of memory consolida-
tion in which both sleep stages cooperate. It should
be noted, however, that different types of memory
may require differential levels of consolidation during
SWS and REM sleep (e.g., 116, 142). That is, some
types of memory may require more REM sleep-related
consolidation processes while others may require
more SWS-related consolidation. The issue becomes
even more relevant when one takes into account the
interactive theory of sleep and memory consolida-
tion (4). For example, some episodic memory tasks
do not heavily rely on SWS-related memory consolida-
tion and the storage process can be achieved during
waking states shortly after initial encoding. Thiswill
make this type of task appear independent of SWS
and immune to selective SWS deprivation. It is
beyond the scope of the current review to provide all
of the details distinguishing different types of memory
from their dependency on different sleep stages.
Instead, our focus is on the overall contribution of
each sleep stage and the benefit of their sequential
alternation to memory consolidation, especially in
the case where hippocampal ripple events are enhanced
by prenatal choline supplementation.

Prenatal Choline Availability and
Sleep-Dependent Memory Consolidation

Dietary choline supplementation during preg-
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nancy, especially during embryonic days 12-17 in
rats, has been shown to produce long-term facilitative
effects on cognition in adult offspring (86, 93).
Specifically, adult rats treated prenatally with choline
supplementation exhibit enhanced memory capacity
and precision of both temporal and spatial memory
(25-26, 82, 84-88, 91-92, 97). These beneficial effects
in prenatally choline supplemented (SUP) rats last
throughout adulthood and protect against age-related
declines in memory compared to rats that received
sufficient (CON) or deficient (DEF) amounts of
choline prenatally (21-22, 86, 93).

In addition to the behavioral studies outlined
above, recent neurobiological studies have demon-
strated that prenatal choline supplementation indeed
causes long-term neurophysiological adaptations in
the hippocampus (71, 100). For example, choline
metabolism in the hippocampus in adult rats is
sensitive to their prenatal choline availability (19-
20). Furthermore, prenatal choline supplementation
also increases nerve growth factor (NGF), brain-
derived nerve growth factor (BDNF), insulin growth-
like factor 1 (IGF-1), vascular endothelial growth
factor (VEGF), a family of proteins that are critical
for survival and maintenance of neurons in the
hippocampus of adult rats (48-49, 117, 152), and ele-
vates basal hippocampal neurogenesis (48-49, 151).
Increased levels of these growth factors and neuro-
genesis are considered to be facilitative of certain
types of learning and memory (1, 16, 41). In terms of
neuroplasticity, prenatal choline supplementation
has also been shown to attenuate the neuropatho-
logical response to status epilepticus in the adult rat
hippocampus (152) and hippocampal slices from adult
rats given prenatal choline supplementation exhibit a
lower threshold for the induction of long-term po-
tentiation (63, 110). Consequently, it is of particular
interest to understand how hippocampal oscillations
and sleep patterns in adult rats differ as a function of
prenatal choline availability. Indeed, we recently
reported that the power of gamma band oscillations
and the amplitude of hippocampal ripple eventsin 12-
14 mo old rats given prenatal choline supplementa-
tion is higher compared to CON and DEF rats during
SWS and REM sleep (23, 24). In addition, the SUP
rats also exhibited more REM sleep episodes that
contain hippocampal ripple events compared to CON
and DEF rats (24) further indicating that the quality
of sleep (e.g., hippocampal ripple events occurring
during REM sleep) is sensitive to prenatal choline
availability in male and female rats. Taken together,
these data implicate an ontogenetic mechanism for
regulating memory capacity and precision that is
expressed by sleep-dependent memory consolidation
processes (for review, see 93).

As described in the previous sections, hippoc-

ampal ripple events are purported to play a crucial
role in sleep-dependent memory consolidation. The
key to this process isin the ability of high-frequency
ripple oscillations to induce L TP in the hippocampus
(6, 8) which in turn up-regulates gene expression
(114) and neurogenesis (29). Although the precise
patterns of gene expression and their functions
following prenatal choline exposure remain to be
determined (95, 96), we can infer a role in memory
consolidation based on the finding that NGF and
BDNF are up-regulated by prenatal choline sup-
plementation (48, 117, 151). This up-regulation of
growth factors, in turn, increases neurogenesis and
synapse formation and ultimately contributes to the
enhancement memory function (41). These findings
support our proposal that more “raw materials’ are
being generated during REM sleep due to the epige-
netic effects of prenatal choline supplementation
(11, 80, 144, 146, 153, 154) and therefore facilitate
neuronal pattern replay and information transfer
during subsequent SWS as illustrated in Fig. 6.
Given that prenatal choline supplementation has
been found to elevate the amplitude of hippocampal
ripple events and increases their occurrence during
REM sleep in adult rats (24), it istempting to specul ate
that the long-term impact of prenatal choline avail-
ability on memory function can be explained, in part,
by alterationsin the generators of hippocampal ripple
events (76, 103). In the case of prenatal choline
supplementation, increased excitability of hippocam-
pal ripple generators may be associated with changes
in GABAergic and glutamatergic synapses on CA1
pyramidal neurons (111, 139) as well as increases
in the size of cholinergic cell bodies in the basal
forebrain (147).

Conclusion

While the growing consensus is that sleep
provides a preferential time window for memory
consolidation, it remains to be determined how each
sleep stage cooperatively contributes to memory
consolidation and why the sleep stages alternate
repeatedly during a night of sleep. For example, why
didn’t sleep evolve such that REM sleep occurs during
the first half of the night and SWS during the second
half or vice versa? Here, we propose a theoretical
account for the alternation between REM sleep and
SWS such that each neurophysiological change in
each sleep stage cooperatively participates in the
process of memory consolidation during sleep.
Specifically, neurophysiological changes during REM
sleep seem to provide “raw materials” at molecular
level (gene expression), synaptic level (LTP), and
cellular level (neurogenesis). These “raw materials”
then become the building blocks for consolidating



Sleep-Dependent Memory Consolidation

Prenatal Choline Availability and Slee-Dependent Memory

Consolidation

231

Molecular More IEG expression
Level
R
Synaptic Induction of LTP
E Level
Cellular More Neurogenesis Higher amplitude of
M Level ripple events in SUP
rats (left) compared
to CON rats (right).

(@)

.

Neural
Network Pattern Replay
Level

~

All contribute to memory consolidation

Fig. 6. Increasesin the amplitude and/or frequency of hippocampal ripple events following prenatal choline supplementation con-
tribute to what has been referred to as a“ripple effect” in adulthood. The current hypothesisis that this“ripple effect” induces
differential patterns of gene expression, lowered thresholds for long-term potentiation (LTP) induction, and increases in
neurogenesis. Theresult isthat additional “raw materials’ are provided during REM sleep thereby making memory consolida-
tion during slow-wave sleep (SWS) more efficient. This proposal is supported by the observation that rats treated with
prenatal choline supplementation exhibit increases in memory capacity and precision in adulthood (see 87, 93).

memory by being utilized in the process of neuronal
pattern replay and information transfer during SWS
at the neural-network level. Among these neurophys-
iological features during sleep, hippocampal ripple
event seems to play critical roles because it serves
as the in vivo high-frequency stimulation that could
trigger LTP and then initiate other neurophysiol ogical
changes mentioned above. Thistheoretical framework
is supported by our findings that prenatal choline
supplementation increases the amplitude of hippoc-
ampal ripple events and the occurrence of ripple
events during REM sleep. The stronger hippocampal
ripple events during sleep create a “ripple effect” in
the brain that together lead to larger capacity, better
precision, and more enduring memory in rats treated
with prenatal choline supplementation. These effects
also extend into old age and inocul ate subjects against
age-related declines in memory that may be related
to disruptions in sleep in untreated individuals (46,
90, 93).
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