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Hippocampal cellular and molecular processes critical for memory consolidation are affected by the amount and quality

of sleep attained. Questions remain with regard to how sleep enhances memory, what parameters of sleep after learning

are optimal for memory consolidation, and what underlying hippocampal molecular players are targeted by sleep dep-

rivation to impair memory consolidation and plasticity. In this review, we address these topics with a focus on the det-

rimental effects of post-learning sleep deprivation on memory consolidation. Obtaining adequate sleep is challenging in

a society that values “work around the clock.” Therefore, the development of interventions to combat the negative

cognitive effects of sleep deprivation is key. However, there are a limited number of therapeutics that are able to

enhance cognition in the face of insufficient sleep. The identification of molecular pathways implicated in the delete-

rious effects of sleep deprivation on memory could potentially yield new targets for the development of more effective

drugs.

Chronic sleep loss is a widespread problem in our society (Strine
and Chapman 2005). According to the Center for Disease
Control, �7%–19% of adults in the US report inadequate sleep,
and an estimated 50–70 million Americans suffer from chronic
sleep disorders. Insufficient sleep is comorbid with chronic prob-
lems such as heart disease, kidney disease, high blood pressure, di-
abetes, obesity, and mental illness (Ford 1989; Gillin 1998;
Knutson and Van Cauter 2008; Hirotsu et al. 2010; Vijayan 2012;
Engeda et al. 2013; Najafian et al. 2013; Palagini et al. 2013).
Sleep loss also contributes to irritability, aggression, inattentive-
ness, and diminished psychomotor vigilance (Rajaratnam and
Arendt 2001; Van Dongen et al. 2003; Kamphuis et al. 2012).
The negative impact of sleep loss on physical and mental health
places a strain on our healthcare system (Kapur et al. 2002) and a
large financial burden on our economy (Durmer and Dinges
2009). Unfortunately, the common myth is that people can func-
tion on little sleep with no consequences, even though studies em-
ploying both human and animal models demonstrate that mental
and physical health requires sufficient sleep (Banks and Dinges
2007). Because so many peopleareunable to obtain sufficient sleep
on a daily basis, it is critical to understand the molecular and cel-
lular impact of sleep loss in an effort to identify novel therapeutic
approaches to counteract these effects.

In this review, we bridge what is known about critical periods
of molecular signaling post-learning with our understanding
of the role of sleep in memory consolidation. This is followed
by a discussion focusing on the time windows when sleep depri-
vation can disrupt hippocampal function. Finally, we discuss
molecular targets of sleep deprivation (see Fig. 1 for a schematic
overview).

Molecular signaling consolidates

memory

Memory consists of at least three stages: encoding, consolidation,
and retrieval. Each phase requires specific molecular machinery
(Abel and Lattal 2001). Because the focus of this review is memory

consolidation, weelaborateon themolecular signalingunderlying
this stage of memory processing, termed synaptic consolidation
(Dudai 2004). A large body of work suggests that sleep is particular-
ly beneficial to the consolidation stage of memory storage, and
that this stage is vulnerable to sleep manipulation (Sagales and
Domino 1973; Buzsáki 1998; Stickgold et al. 2000; Graves et al.
2003). Learning induces a transient increase in calcium (Ca2+)
and adenylyl cyclase, an enzyme responsible for production of
the second messenger, cyclic adenosine monophosphate (cAMP)
(Xia and Storm 2012). cAMP activates three downstream targets
important for protein synthesis and eventual memory consol-
idation. These targets include protein kinase A (PKA), exchange
protein activated by cAMP, and hyperpolarization-activated
cyclic nucleotide-gated channels (Arnsten 2007). Activation of
these downstream targets, along with other kinases such as cal-

modulin-dependent protein kinase (CAMKII), mitogen activated
protein kinase, and extracellular signal-regulated kinase (ERK1/

2), leads to phosphorylation of transcription factors (Enslen
et al. 1994; Matthews et al. 1994; Roberson et al. 1999; Ahmed
and Frey 2005). Transcription factors, such as cAMP response ele-
ment binding protein (CREB), promote up-regulation of gene ex-
pression for proteins that will consolidate labile memories into
long-term memories (Roberson et al. 1999; Roberson and Sweatt
1999).Previoustime-course studies identified timewindowswhere
inhibition of these signaling components in the hippocampus im-
pairs memory consolidation. Two periods for activation of cAMP
downstream signaling and protein synthesis, immediately after
learning and 4 h after learning, are required for consolidation
(Grecksch and Matthies 1980; Bourtchouladze et al. 1998). Three
peaks in cAMP levels have also been observed after training at
0.5 h, 3 h, and 6 h during consolidation (Bernabeu et al. 1997).

Two early sensitive periods during consolidation also exist for
mRNA synthesis, ERK1/2 activity, and phosphorylation of CREB
(Igaz et al. 2002; Trifilieff et al. 2006). These critical signaling peri-
ods appear to occur within the first few hours of sleep post-
learning (Graves et al. 2001; Hernandez and Abel 2011). When
sleep loss overlaps with these critical time windows for molecu-
lar signaling, consolidation is impaired (Smith and Rose 1996;
Graves et al. 2003; Palchykova et al. 2006). These sensitive periods
of molecular signaling give an approximation of when sleep depri-
vation could impair memory through disruption of molecular sig-
naling processes.
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Distinction between sleep states

To discuss the consequences of sleep or sleep loss on memory, it is
crucial to understand the pattern of neuronal electrical activity
that occurs during different sleep states. Sleep is measured by poly-
somnographic recordings that combine electroencephalography
(EEG), electro-oculogram (EOG), and electromyography (EMG)
todistinguish the stages of sleep (Frankenetal. 1991b). Sleepcycles
between nonrapid eye movement (NREM) and rapid eye move-
ment (REM) sleep (Stickgold 1998). In humans, NREM sleep can
further be dissected into four stages. Rechtschaffen and Kales
(1968) developed the standard scoring guidelines to determine
sleep stage in humans. Rolling eye movements are prominent dur-
ing stage 1 sleep, while slow oscillations, fast sleep spindles (12–15
Hz), and K-complexes are prominent during stage 2. Recordings
during stages 3 and 4 of NREM sleep, termed slow wave sleep
(SWS), are characterizedby high amplitude, low-frequencydwaves
(also known as slow waves, 1–4 Hz) and spindle activity (Mölle
et al. 2011). NREM sleep is accompanied by decreased muscle
tone as assessed by EMG recordings (Steriade et al. 1993a, b).
REM sleep EEG exhibits features similar to wake EEG with cortical
activation characterized by low-voltage fast EEG activity (Hobson
and Steriade 2011). Other common features of REM sleep include
complete loss of muscle tone (atonia) (John et al. 2004) and char-
acteristic REMs detected by EOG (Aserinsky and Kleitman 1953;

Jouvet 1962). Hippocampal theta rhythms, associated with wake,
occur during REM sleep as well (Buzsáki et al. 1983; Greenstein
et al. 1988). Interestingly, this oscillatory pattern can be observed
in hippocampalandcortical regions during learning in spatial nav-
igation and episodic retrieval (Klemm 1976; O’Keefe and Burgess
1999; Klimesch et al. 2001). NREM and REM sleep have been exam-
ined in depth in the context of memory to determine the contribu-
tion of each stage in the consolidation process.

Sleep patterns differ across species, and this difference needs
to be taken into account when reviewing rodent sleep literature.
While humans are diurnal and sleep �8 h per night in a monopha-
sic pattern, rodents are nocturnal mammals that exhibit polypha-
sic sleep patterns. In humans, a full cycle between NREM and REM
sleep takes �90 min with a total of four to six cycles per night.
Rodents’ NREM–REM cycle is much shorter, lasting �10 min
(Trachsel et al. 1991; Benington et al. 1994). Scoring rules in ro-
dents also differ slightly from those in humans. While rodents ex-
hibit NREM and REM sleep, NREM can be further broken down to
SWS stage I and SWS stage II. SWS I is identified by the presence
of sleep spindles in the cortical EEG. SWS II is identified by the
presence of waves in the range of 0.1–4.0 Hz in the cortical EEG
(Datta and Hobson 2000; Datta and Maclean 2007). Despite the
differences in human and rodent sleep, the neurobiology regulat-
ing sleep/wake states is similar and much has been learned about
how sleep affects memory by studying animal models.

Figure 1. A schematic overview of hippocampal signaling pathways following sleep deprivation. Studies suggest multiple mechanisms by which sleep
deprivation disrupts memory consolidation. (1) Sleep deprivation modulates glutamatergic signaling through alterations in NMDA and AMPA receptor
subunit composition. This disruption in receptor function attenuates molecular signaling cascades through reduced calcium influx. (2) Sleep deprivation
raises extracellular adenosine, an endogenous sleep factor, and astrocytes are one source of adenosine. Adenosine acts through the adenonsine A1 re-
ceptor to reduce plasticity by enhancing the inhibitory tone in the hippocampus. (3) Elevation of phosphodiesterase 4A by sleep deprivation perturbs
cAMP intracellular signaling. (4) Sleep deprivation decreases transcription of plasticity related genes. (5) Sleep deprivation down-regulates mammalian
target of rapamycin (mTOR) signaling, a key regulator of protein synthesis required for memory consolidation. Red arrows indicate an increase of the
signaling pathway. Red font indicates an increase of activity. Dashed black arrows indicate an attenuation of the signaling pathway. Adapted from
Hernandez and Abel (2011) with permission from Elsevier.
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Sleep enhances memory consolidation

Evidence from various human and rodent studies supports the im-
portance of sleep in learning and memory. In 1924, Jenkins and
Dallenbach were the first to discover that sleep facilitates long-
term memory formation. In this seminal study, human subjects
displayed improved memory of nonsense syllables when they
slept during the period between learning and recall (Jenkins and
Dallenbach 1924). Since this pivotal discovery, termed the “sleep
effect,” several other research groups have replicated the finding
that memory benefits from sleep (Smith 2001; Born et al. 2006;
Gais et al. 2007; Oudiette et al. 2013; Stickgold and Walker 2013).

Although researchers agree that sleep is more effective than
wakefulness for memory consolidation, debates have emerged as
to what stage of sleep is beneficial for memory. Initially, most re-
search groups hypothesized that REM sleep enhances memory
consolidation due to its similarity to waking EEG and its increased
firing of hippocampal neurons that had been active prior to sleep
(Pavlides and Winson 1989). Much of the support for the role of
REM sleep in memory came from animal studies that demonstrat-
ed an increase in REM sleep for brief time windows after learning
(Smith1985; Hennevinet al. 1995). The increase in REM sleepafter
learning hasbeen demonstrated in cats trained in the instrumental
learning paradigm (Lecas 1976). Increases in REM sleep were also
observed in rabbits after handling, which led to more activity in
successive open-field behavior assessment (Denenberg et al.
1977). Rodent studies also showed increases in REM sleep episodes
after learning in associative fear-related learning tasks, such as the
fear-conditioning paradigm and an escapable shock task (Sanford
et al. 2010; Machida et al. 2013; Menz et al. 2013). REM sleep also
increased in rodents after training in the Morris water maze para-
digm (Smith and Rose 1996, 1997). Not only was an increase in
REM sleep observed after training, but also REM sleep-related pro-
cesses such as theta rhythm and pontine-wave activity were iden-
tified as important for memory consolidation in rodents trained in
the two-way active avoidance task (Datta et al. 2005; Datta and
O’Malley 2013). Many took these observed increases in REM sleep
after conditioning as evidence that REM sleep was closely tied to
enhancements in the memory process. This hypothesis was sup-
ported by rodent studies that involved REM sleep deprivation dur-
ing these same REM sleep time windows, demonstrating memory
impairments following these deprivation periods (Smith 1985).

Until the late 1980s, REM sleep was considered to be the crit-
ical sleep stage in memory improvement. However, later studies
encountered difficulty demonstrating the importance of REM
sleep alone in consolidation of memory (Siegel 2001). Human
and rodent studies observed an increase in NREM sleep, and
NREM-associated processes such as slow wave activity and spindle
density after training (Stickgold et al. 2001; Gais et al. 2002; Huber
et al. 2004; Hellmanand Abel2007). A few studies also demonstrat-
ed a NREM sleep–memory link in rodents through the discovery
of neuronal reactivation, termed “replay,” where the same set of
hippocampal neurons previously active during spatial learn-
ing fired in the same sequence during hippocampal sharp-wave
ripple (SPW-R) events that occur in NREM SWS (Wilson and
McNaughton 1994; Lee and Wilson 2002; Ji and Wilson 2007;
Ego-Stengel and Wilson 2010; Bendor and Wilson 2012). The
role of NREM sleep in memory consolidation was further cement-
ed by Rasch et al. (2007) who conducted a study where human sub-
jects performed an associative task consisting of card locations
paired with a particular odor. The researchers introduced these
same smells during SWS, which activated neuronal replay in the
hippocampus. This manipulation resulted in enhanced recall of
card location the following day (Rasch et al. 2007). Spatial memory
enhancement has also been observed when a trial-unique auditory
cue paired with an object was re-presented during NREM sleep in

humans (Rudoy et al. 2009). The presentation of the auditory
cue during SWS increased activation of the medial temporal lobe
and altered parahippocampal–medial prefrontal connectivity,
which has traditionally been associated with declarative memory
(Van Dongen et al. 2012). Not only has inducing neuronal replay
during SWS been shown to enhance memory consolidation, but
also SPW-R disruption impairs hippocampus-dependent memory
(Girardeau et al. 2009; Nokia et al. 2012). In 2012, Nokia and col-
leagues demonstrated the necessity of SPW-R hippocampal events
that are characteristic of SWS by disrupting SPW-R with electrical
stimulation in rabbits. This manipulation impaired trace eyeblink
conditioning, a hippocampus-dependent learning task (Nokia
et al. 2012). Other studies in humans have shown that reactivation
during SWS can enhance not only spatial memory but also proce-
dural memories, suggesting that reintroduction of cues during
sleep may reactivate other brain regions as well (Antony et al.
2012; Oudiette et al. 2013). These findings validate the hypothesis
that NREM SWS is important for learning and memory (Girardeau
et al. 2009; Ego-Stengel and Wilson 2010).

Reports from human studies suggest that there is a dissocia-
tion between different sleep stages and the consolidation of differ-
ent types of memory. In the “dual hypothesis” of sleep, NREM
sleep is responsible for improvements in declarative memory con-
solidation, while REM sleep plays a more significant role for proce-
dural and emotional memory consolidation (Gais and Born 2004).
Declarative memory relies on the hippocampus, while procedural
memory relies on striatal and cerebellar function (Squire et al.
1993; Doyon et al. 2003). Early studies demonstrated that NREM
sleep improved declarative memories in humans. In the first set
of studies to examine the role of NREM sleep in a declarative
task, humans learned a verbal paired associates task before a sleep
period known for a high percentage of NREM sleep and a low per-
centage of REM sleep. These subjects displayed superior memory
in comparison to subjects trained before a high percentage of
REM sleep (Yaroush et al. 1971; Barrett and Ekstrand 1972; Fowler
et al. 1973). A later study by Plihal and Born (1997, 1999) found
that subjects trained on a declarative task before sleep (predomi-
nantly composed of NREM sleep) and awakened 3 h later exhibited
higher rates of retention compared to individuals trained on the
same task who slept during a period known for high REM sleep
composition.

While the work mentioned above demonstrates the impor-
tance of NREM sleep to declarative memory, researchers have
also observed that procedural memory (a type of nondeclarative
memory) benefits from REM sleep. Plihal and Born (1997, 1999)
also examined the effects of REM sleep for procedural memory
consolidation. Subjects who slept during a period dominated by
REM sleep displayed more procedural memory gains than those
who slept during a predominantly NREM sleep period. Although
these studies established the importance of NREM sleep for declar-
ative memory and REM sleep for procedural memory, the levels of
cortisol, a stress hormone that has the ability to interfere with
learning and recall (Ackermann et al. 2013; Goerke et al. 2013), dif-
fered between those who were trained right before a high period of
NREM sleep and those who were trained right before a high period
of REM sleep (Plihal and Born 1997, 1999). However, other studies
have confirmed their findings by demonstrating this phenome-
non of REM sleep-related memory enhancements after learning
on various procedural tasks, including priming and visuomotor
tasks (Mandai et al. 1989; Buchegger et al. 1991; Smith and Lapp
1991; Smith and Smith 2003; Wagner et al. 2003).

This “dual hypothesis” paints a simplistic picture of how a
particular stage of sleep potentially benefits one type of memory,
while another sleep stage mediates the consolidation of other
forms of memory. However, the sleep period known for a high per-
centage of REM sleep also contains a high percentage of stage 2

Sleep loss and hippocampal function

www.learnmem.org 560 Learning & Memory



sleep and thus spindles. Therefore, procedural tasks could be ben-
efiting from high spindle density, which has been associated with
improvements in procedural memory, and not solely REM sleep
(Tamaki et al. 2008, 2009; Rasch et al. 2009). Furthermore, other
findings contradict this REM sleep–procedural memory link and
NREM sleep–declarative memory link assertion. For instance,
REM sleep has been shown to be important for emotional declara-
tive memories (Wagner et al. 2001; Wagner 2002). NREM sleep has
also been found to play a role in procedural tasks, further weaken-
ing the “dual hypothesis” argument (Walker et al. 2002, 2003).
However, many of the procedural tasks developed for these ex-
periments seem to require hippocampal involvement as well
(Poldrack et al. 2001; Schendan et al. 2003). This hippocampal
component of the task may require stages of NREM sleep to en-
hance procedural memory consolidation. This suggests that the
design of the task matters to a great extent in order to control for
activation of certain brain structures.

Clearly, the “dual hypothesis” dissociation between REM and
NREM sleep in memory consolidation is more complex than the
previously described straightforward examples. Other groups
have posed alternative hypotheses that may account for the sleep
stage–memory complexities; one such alternative is the “sequen-
tial hypothesis” (Giuditta et al. 1995). In this hypothesis, neither
REM nor NREM sleep alone can account for memory consolida-
tion, but the order of NREM and REM sleep after training as well
as the transitions between NREM and REM sleep are essential for
memory (Giuditta et al. 1995; Ambrosini and Giuditta 2001).

Sleep deprivation disrupts memory

consolidation

Many studies have utilized sleep deprivation to examine the role
of sleep in memory consolidation. Researchers have developed
several techniques for sleep deprivation in rodents to assess how
sleep loss impairs memory. Some of the main methods of sleep
deprivation include the “rotating platform” technique, the
“flower-pot” technique, gentle handling, novel object introduc-
tion, and optogenetic stimulation. Each method has associated
positives and negatives and has been discussed more thoroughly
previously (see Havekes et al. 2012). Sleep deprivation adminis-
tered after learning disrupts the consolidation period and impairs
memories (Fishbein 1971; Leconte et al. 1974; Linden et al. 1975).
The hippocampus, in particular, appears to be vulnerable to this
manipulation, as demonstrated in hippocampal-dependent mem-
ory tasks after sleep deprivation. The first set of experiments to
demonstrate this sensitivity used the Morris water maze task,
which can be configured to either a hippocampus-dependent ver-
sion or a hippocampus-independent version (Morris et al. 1982).
Previously sleep-deprived animals exhibited memory impair-
ments in the hippocampus-dependent version of the task.
However, sleep-deprived animals subjected to the hippocampus-
independent version did not demonstrate a memory impairment
(Smith and Rose 1996, 1997). This interesting dissociation be-
tween hippocampus-dependent and hippocampus-independent
memory tasks was not restricted to the Morris water maze, but
has been demonstrated with fear-conditioning tasks as well
(LeDoux 2000). Mice that are sleep-deprived post-training exhibit
memory impairments in the hippocampus-dependent configura-
tion of this task, but not in the hippocampus-independent config-
uration of the task (Graves et al. 2003). Other studies examined
sleep deprivation prior to learning in fear-conditioning tasks and
observed similar results (Bueno et al. 1994; McDermott et al.
2003; Ruskin et al. 2004; Ruskin and LaHoste 2009). The Y-maze
or T-maze is another type of dissociation task where researchers
can examine the learning strategies animals employ to perform

the task (Oliveira et al. 1997). This task allows researchers to assess
whether sleep-deprived animals shift from employing a spatial
strategy (hippocampus-dependent) to a response strategy (hip-
pocampus-independent) (Hagewoud et al. 2010b). Daily 5-h
sleep deprivation after training induced a shift from using a spatial
strategy to a response strategy to navigate the maze (Hagewoud
et al. 2010b). Watts et al. (2012) also demonstrated that decreased
REM sleep, as well as decreased spindle-rich transition to REM
sleep by a norepinephrine reuptake inhibitor, desipramine, im-
paired performance in a hippocampus-dependent spatial task,
while REM sleep suppression actually enhanced performance in
striatal-dependent configuration of the T-maze. This enhance-
ment in striatal learning was likely due to the increased SWS that
accompanied the pharmacological inhibition of REM sleep
(Watts et al. 2012). These results confirm that the hippocampus
is susceptible to the negative effects of insufficient sleep, especially
reductions in sleep spindle density.

Studies have examined the effect of sleep deprivation during
specific time windows of consolidation. Memory appears most
sensitive to sleep deprivation when sleep is delayed after acquisi-
tion. However, if sleep occurs immediately after acquisition then
long-term memory remains intact even if sleep is prevented at lat-
er time points, suggesting a sensitive period for sleep early during
consolidation (Smith and Rose 1996; Graves et al. 2003; Gais et al.
2006; Palchykova et al. 2006). Based on rodent studies, this imme-
diate window coincides with sensitive periods of molecular signal-
ing, protein synthesis, and mRNA synthesis required for memory
consolidation (Bernabeu et al. 1997; Bourtchouladze et al. 1998;
Igaz et al. 2002; Trifilieff et al. 2006). For instance, delaying sleep
for 5 h after acquisition impaired long-term memory in the con-
textual fear-condition paradigm. However, immediate sleep fol-
lowed by a later 5-h period of sleep deprivation had no effect
on long-term hippocampus-dependent memory (Graves et al.
2003). This finding has also been observed within the hippocam-
pus-dependent version of the water maze task (Smith and Rose
1997). Subgroups of animals were sleep deprived during different
times after training. Delaying sleep for the first 4 h after training
impaired memory in this task, whereas immediate sleep after
learning did not impair memory (Smith and Rose 1997). The ef-
fect of immediate versus delayed sleep after acquisition was also
examined using the novel object recognition task (Palchykova
et al. 2006). The beneficial effect of immediate sleep on memory
has also been documented in humans performing a hippocam-
pus-dependent declarative memory task (Gais et al. 2006). In a
study by Gais et al. (2006), one group was allowed immediate sleep
after task acquisition at night, while sleep was delayed in the other
group. Delaying sleep after task acquisition impaired performance
in this task (Gais et al. 2006). These findings suggest the existence
of a critical period for sleep deprivation to disrupt memory forma-
tion. This period occurs immediately after acquisition, and over-
laps with molecular signaling-sensitive time windows during
the consolidation period.

Time of day for task training also appears to be a factor in the
manifestation of memory impairments induced by sleep depriva-
tion, which suggests a circadian aspect to the ability of sleep dep-
rivation to impair memory. To demonstrate this point, rodents
trained on a novel object recognition memory task during the
light phase (rest period) and then sleep deprived for 6 h immedi-
ately post-training displayed memory impairments. However,
sleep depriving animals did not impair memory when training
and sleep deprivation occurred during the dark phase (active peri-
od) (Halassa et al. 2009; Palchykova et al. 2009). This time-of-day
effect has also been observed in contextual fear conditioning.
Rodents were subjected to 6 h of post-training sleep deprivation
either during the light phase or dark phase. Only the group sub-
jected to 6-h sleep deprivation during the light phase exhibited
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impaired memory for this task (Hagewoud et al. 2010c). A 12-h
sleep deprivation was required during the dark phase to impair
memory, suggesting that the window for consolidation is extend-
ed during the dark phase. These differences are likely related to the
observed elevation in sleep pressure during the light phase
(Franken et al. 1991a), which may reduce the sleep-sensitive con-
solidation window during the light phase.

Sleep deprivation impairs hippocampal synaptic

plasticity

Sleep deprivation is detrimental to hippocampus-dependent
memory. As the neural correlate of learning and memory, it is
not surprising that sleep deprivation disrupts synaptic plasticity
in the hippocampus as well. Long-term potentiation (LTP), a
form of synaptic plasticity, is a long-lasting change in the strength
of synaptic connections through the involvement of various mo-
lecular signaling cascades and, in some cases, protein synthesis
(Bliss and Lomo 1973; Whitlock et al. 2006). Campbell et al.
(2002) examined LTP in area CA1 in vitro after 12 h of total sleep
deprivation, and found that the procedure inhibited induction
of LTP in the hippocampus of rodents. Since this study, follow-up
studies have given us an in-depthperspective on the effects of sleep
deprivation on LTP. Researchers demonstrated that, similar to
behavioral studies, LTP is vulnerable to total sleep deprivation, as
well as to REM-specific sleep deprivation and fragmented sleep
(McDermott et al. 2003; Tartar et al. 2006; Ravassard et al. 2009;
Florian et al. 2011). Similar LTP deficits occurred after sleep depri-
vation in vivo in dentate gyrus-CA3 region (Romcy-Pereira and
Pavlides 2004; Marks and Wayner 2005; Ishikawa et al. 2006;
Alhaider et al. 2011). The in vivo studies demonstrated that this
LTP deficit was not an artifact of slice preparation, but was a result
of the influenceof sleepdeprivation onthe intacthippocampal cir-
cuitry. The ability to induce LTP in vivo allowed researchers to in-
vestigate the effect of sleep deprivation on the maintenance phase
of LTP, which exhibited impairment after total sleep deprivation
and REM sleep deprivation in this paradigm (Romcy-Pereira and
Pavlides 2004; Ishikawa et al. 2006). This suggests that sleep depri-
vation perturbs molecular signaling pathways underlying both
the induction phase and the maintenance phase of LTP.

A limited number of studies have examined disrupted signal-
ing pathways that underlie the deficit in LTP. Of those, even fewer
have tried to rescue the phenotype. Work from our research group
demonstrated that acute sleep deprivation by gentle handling spe-
cifically disrupted LTP requiring cAMP signaling. Our group went
on to show that the LTP deficit induced by sleep deprivation could
be rescued by increasing cAMP signaling (Vecsey et al. 2009). More
recent work showed that LTP was resistant to sleep deprivation if
extracellular adenosine was attenuated either using a pharmaco-
logical approach or a genetic approach (Alhaider et al. 2010a;
Florian et al. 2011). These studies established cAMP and adenosine
as playing a role in the LTP deficit caused by sleep deprivation.
There are additional cellular signaling mechanisms that are also
altered by sleep loss. Other studies have examined the contribu-
tion of N-Methyl-D-aspartate (NMDA) receptor function in the
impairment of LTP after sleep deprivation. An extended period
of sleep deprivation for 24–72 h affected NMDA receptor compo-
sition and attenuated receptor function, leading to a disruption in
both induction and maintenance of LTP. This LTP deficit was re-
versed by treatment with an NMDA receptor NR1 subunit agonist,
glycine (McDermott et al. 2006). This finding suggests that distur-
bances in NMDA receptor function can lead to the LTP deficits ob-
served after chronic periods of sleep deprivation.

The effects of sleep deprivation have also been examined in
long-term depression (LTD), which is another form of hippocam-

pal synaptic plasticity requiring signaling components different
from LTP. In contrast to the attenuation of LTP by sleep depriva-
tion, researchers have observed either no change or facilitation
of LTD after sleep deprivation in the hippocampus (McDermott
et al. 2003; Tadavarty et al. 2009; 2011; Yang et al. 2012). This dis-
crepancy in the effect of sleep deprivation on LTD facilitation is
likely due to experimental design differences in LTD-induction
protocol as well as to different sleep-deprivation manipulations.
For instance, while Tadavarty et al. (2009) used gentle handling
to sleep deprive animals, allowing them to examine the circadian
contribution, McDermott et al. (2003) used the multiple platform
method to have a 72-h period of REM sleep deprivation. Similarly,
Yang et al. (2012) examined circadian contribution along with
sleep pressure on the resulting LTD. Additionally, in vitro prep-
arations were used in earlier cases of observed LTD facilitation
after sleep deprivation (Tadavarty et al. 2009, 2011). However, fa-
cilitation of LTD in vivo after sleep deprivation has recently been
observed with elevated sleep pressure due to a combination of
sleep deprivation and time of day, further validating the effect of
sleep deprivation on LTD facilitation (Yang et al. 2012). Tadavarty
et al. (2011) examined the signaling pathways underlying facil-
itation of LTD in response to sleep deprivation. They found in-
creased reliance on the g-aminobutryic acid B (GABAB) receptor
and metabotropic glutamate 1a receptors, while NMDA receptors
did not play a role (Tadavarty et al. 2011). This suggests that sleep
deprivation has different effects on the signaling pathways under-
lying these two opposing forms of plasticity.

LTP induced in vitro and in vivo displays a graded sensitivity
to sleep deprivation. Extended periods of sleep deprivation for
24–72 h appear to eliminate or reduce LTP induction in vitro
(Campbell et al. 2002; McDermott et al. 2003). However, brief pe-
riods of sleep deprivation only appear to disrupt signaling under-
lying LTP maintenance while induction remains intact (Vecsey
et al. 2009; Florian et al. 2011). No studies have specifically exam-
ined the time course of sleep deprivation to impair LTP. However,
Kopp et al. (2006) have demonstrated that as little as 4 h of sleep
deprivation can impair LTP in vitro. In terms of in vivo experi-
ments that have examined the time course of sleep deprivation,
Marks and Wayner (2005) found that 3, 6, and 9 h of sleep depri-
vation impaired LTP, demonstrating that even an acute 3-h period
of sleep deprivation is sufficient to impair synaptic plasticity. In
conclusion, sleep deprivation perturbs hippocampal plasticity
even after brief bouts of sleep deprivation. These studies suggest
that specific disruptions in molecular signaling by sleep depriva-
tion impair LTP, as well as related behavioral phenotypes ob-
served. Some of the known sleep deprivation-induced changes
in signaling and transcription will be discussed in the following
section.

Sleep deprivation disrupts hippocampal signaling

and gene expression necessary for memory

Molecular targets of sleep deprivation
Sleep deprivation disrupts multiple signaling pathways in the hip-
pocampus in parallel that lead to plasticity and memory impair-
ments. This section outlines some of the more well-known
signaling targets sensitive to sleep loss.

N-Methyl-D-aspartate (NMDA) receptor and a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptor

NMDA receptor activity plays a significant role in all three stages
of memory, most notably the consolidation phase where the
memory advances from a labile form to a more stable permanent
form (Hernandez and Abel 2011). These receptors allow the
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expression of LTP through increased influx of Ca2+ (Xia and Storm
2012). Sleep deprivation has been shown to impair proper activa-
tion of this glutamate receptor-type through altering receptor
subunit composition, surface expression, and reduced Ca2+ influx
(Chang et al. 2012). McDermott et al. (2006) found that prolonged
sleep deprivation (72 h) reduced the NMDA/AMPA receptor ratio
in CA1 pyramidal cells in response to Schaffer collateral stimula-
tion. NMDA receptor-mediated currents from the distal dendrites
of CA1 cells had reduced amplitude after sleep deprivation manip-
ulation. This was most likely due to the reduced surface expression
of NMDA receptors after sleep deprivation (McDermott et al.
2006). The same research group also observed a higher proportion
of NR1 and NR2A subunits of the NMDA receptor located in-
tracellularly compared to surface level after sleep deprivation
(McDermott et al. 2006). This disruption in NMDA receptor traf-
ficking to the cell surface and reduction in NMDA receptor-medi-
ated current was also observed with 24 h of sleep deprivation
(Chen et al. 2006). Other groups have also observed decreases in
NR1 protein expression in the hippocampus after sleep depriva-
tion, supporting the hypothesis that the NMDA receptor is an im-
portant molecular target for sleep deprivation (Ravassard et al.
2009; Chang et al. 2012). NR1 subunit decrease was accompanied
by synaptic plasticity and memory deficits that could be rescued
with pharmacological treatment of glycine, an NR1 agonist
(McDermott et al. 2003; Chen et al. 2006). The NR2B subunit
of the NMDA receptor has also been observed to decrease in the
hippocampus as a result of REM sleep deprivation (Lopez et al.
2008; Park et al. 2012). Although both of these studies observed
clear differences in trafficking and NMDA receptor-mediated cur-
rent using extended periods of sleep deprivation, these findings
conflict with findings from briefer periods of sleep deprivation
(Vecsey et al. 2009). Using electron microscopy, Kopp and col-
leagues found that 4 h of sleep deprivation by exposure to a novel
environment and introduction to new nesting material increased
the NR2A/NR2B NMDA-receptor subunit ratio as well as total
NR2A subunits in the hippocampus (Kopp et al. 2006; Longordo
et al. 2009). This finding was correlated with a shift in the frequen-
cy needed to elicit LTD and LTP, decreasing the threshold frequen-
cy to induce LTD and increasing the threshold frequency to induce
LTP. This group also observed that removal of NR2A subunits
prevented the synaptic plasticity changes induced by sleep depri-
vation (Longordo et al. 2009). However, these differences in sub-
unit ratios and mediated current after sleep deprivation have not
been observed by other research groups. After 5 h of sleep depriva-
tion by the gentle handling procedure (Ledoux et al. 1996), no dif-
ferencewas observed in NMDAreceptor-mediated current or in the
NMDA/AMPA receptor ratio in CA1 (Vecsey et al. 2009). These dif-
ferences in NMDA receptor-mediated current could be attributed
to sleep-deprivation techniques used in these two experimental
designs. In conclusion, NMDA receptor function is needed for
plasticityand memory. Longer periods of sleep deprivation disrupt
NMDA receptor function, impairing both plasticity and memory.
Meanwhile, more acute sleep deprivation may or may not have
this effect on receptor function, depending on the sleep-depriva-
tion technique.

AMPA receptors, another class of glutamate receptors in-
volved in learning and memory, appear to be involved in sleep
homeostasis as well (Cirelli and Tononi 2000). Cortical and hip-
pocampal AMPA receptor levels increase during waking hours
and decrease over the sleeping period (Vyazovskiy et al. 2008).
Although AMPA receptors appear to be under the influence of
sleep homeostatic processes, sleep deprivation was previously
not thought to interfere with hippocampal AMPA receptor func-
tion (McDermott et al. 2006). However, more recent studies
showed that sleep deprivation modulated the function and effica-
cy of AMPA receptors in both the cortex and hippocampus.

Ravassard et al. (2009) observed that multiple days of REM sleep
deprivation reduced AMPA receptor function in the hippocampus.
Specifically, they found decreased protein expression of the AMPA
receptor GluA1 subunit as a result of sleep deprivation (Ravassard
et al. 2009). Other work has shown similar results, finding a reduc-
tion in GluA1 in the hippocampus after REM sleep deprivation
(Lopez et al. 2008). This subunit in particular has been linked to
spatial memory (Schmitt et al. 2005), suggesting that reduced
GluA1 expression due to sleep deprivation could possibly explain
the impaired spatial memory. To furtherassess this subunit in sleep
deprivation, Hagewoud etal. (2010a) examined the effectof a 12-h
sleep deprivation period on total hippocampal GluA1 protein ex-
pression and phosphorylation of GluA1-serine 845 site, an impor-
tant step for incorporation of the receptor into the membrane. In
this study, 12 h of sleep deprivation did not decrease total protein
levels of hippocampal GluA1; however, this sleep deprivation ma-
nipulation decreased phosphorylation of the serine 845 site
(Hagewoud et al. 2010a). Although these studies demonstrated re-
duced AMPA receptor function, other contradictory findings from
Vyazovskiy et al. (2008) observed increased levels of total GluA1 in
the hippocampus and cortex after enforced wakefulness. This dif-
ference could be a result of animal strain. In their study, they chose
to use the Wistar Kyoto rat strain that is a well-known genetic an-
imal model of depression (Vyazovskiy et al. 2008). This may have
confounded their study because short-term sleep loss has been
shown to improve symptoms of depression and increase hippo-
campal neurogenesis (Grassi Zucconi et al. 2006). Overall, there
is a disruption in AMPA receptor function after sleep deprivation
due to either altered protein expression of GluA1 or, in some cases,
reduced phosphorylation of a site on GluA1 necessary for AMPA
receptor membrane insertion. Disruption of AMPA receptor func-
tion contributes to spatial memory deficits observed in tasks after
sleep deprivation.

Glutamate

As described in the previous section, both NMDA receptors and
AMPA receptors fluctuate through the sleep–wake cycle. Not sur-
prisingly, the ligand for these receptors, glutamate, has also been
implicated in sleep–wake homeostasis (Disbrow and Ruth 1984;
Mukherjee et al. 2012). Limited studies have examined glutamate
levels in the hippocampus following sleep deprivation. One study
that examined the effects of sleep deprivation on glutamate in
the hippocampus found that glutamate levels increase after sleep
deprivation (Cortese et al. 2010). Of the studies that have exam-
ined effects of sleep on glutamate, most concentrate on the effects
of sleep and sleep loss in the cortex. These studies have observed
that glutamate in the cortex levels fluctuate progressively through
sleep/wake states (Jasper et al. 1965; Lopez-Rodriguez et al. 2007).
Few have examined the effects of sleep deprivation on cortical glu-
tamate levels. Bettendorff et al. (1996) found that after 12–24 h of
REM sleep deprivation glutamate levels increased. Contradicting
these findings, Wang and Li (2002) found that 96 h of REM
sleep deprivation did not affect glutamate levels in the cortex.
While these studies used microdialysis to obtain glutamate mea-
surements, another study using in vivo amperometry observed
increased glutamate levels in cortical areas during extended wake-
fulness and during REM sleep as well as decreased glutamate levels
during SWS (Dash et al. 2009). These findings become more com-
plex as previous sleep–wake historyof the animals also factors into
these results. Dash et al. (2009) also examined the effects of sleep
deprivation on cortical glutamate levels. Initially, if the animal
was sleep deprived, glutamate levels increased in the first hour of
sleep deprivation. However, as the sleep deprivation continued,
glutamate levels declined after 3 h. During this period of declining
glutamate, attempts to sleep were the highest (Dash et al. 2009).
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cAMP-PKA-PDE4

Hippocampal activation of cAMP and PKA signaling are known to
be important for memory consolidation, as previously discussed
in the “Molecular signaling consolidates memory” section. Both
of these molecular targets have also previously been implicated
in sleep processes (Graves et al. 2001; Hendricks et al. 2001;
Hellman et al. 2010; Luo et al. 2013). Sleep deprivation interferes
with this hippocampal signaling pathway in electrophysiology
studies (Vecsey et al. 2009). The observation that shorter periods
of sleep deprivation disrupt LTP maintenance suggested that sleep
deprivation perturbs signaling pathways specific to the mainte-
nance phase of LTP (Romcy-Pereira and Pavlides 2004; Vecsey
et al. 2009; Florian et al. 2011). Vecsey et al. (2009) examined mo-
lecular signaling required for late-phase LTP maintenance and ob-
served that brief sleep deprivation reduced both cAMP and PKA
activity.

As a result of cAMP and PKA disruption by sleep deprivation,
hippocampal downstream targets in this pathway are also per-
turbed. For instance, the aforementioned phosphorylation of ser-
ine 845 in the AMPA receptor subunit GluA1 by PKA has been
shown to be altered in three studies examining the contribution
of sleep deprivation to molecular signaling (Vyazovskiy et al.
2008; Ravassard et al. 2009; Hagewoud et al. 2010a). Interestingly,
while moderate-to-chronic sleep deprivation reduced phosphory-
lation of serine 845 (Ravassard et al. 2009; Hagewoud et al. 2010a),
Vyazovskiy et al. (2008) found an increase in phosphorylation of
serine 845 after 4 h of enforced wakefulness. This difference could
be due to both the length of sleep deprivation as well as the sleep-
deprivation technique used in these experiments. Another down-
stream target in the cAMP–PKA pathway is the transcription
factor CREB, which has already been described as important for
memory and plasticity and is also affected by sleep deprivation.
Phosphorylation of CREB by PKA at serine 133 was reduced in
the hippocampus as a result of sleep deprivation (Vecsey et al.
2009; Zhao et al. 2010; Alhaider et al. 2011). Sleep deprivation de-
creased phosphorylation of CREB in the amygdala, a brain region
that receives contextual inputs from the hippocampus, and is im-
portant for emotionally laced memories (Pinho et al. 2013). In this
experiment, in contrast to the experimental design used in the
study by Vecsey et al. (2009), animals were sleep deprived for 72
h by multiple platform method and then trained in the fear-
conditioning task. This extensive sleep-deprivation procedure
along with fear conditioning may elevate stress, which has been
shown to affect phosphorylation of CREB to a greater extent
than gentle handling alone (Xu et al. 2006).

Phosphodiesterase 4 (PDE4) is the enzyme responsible for de-
gradation of hippocampal cAMP, thereby reducing PKA activity.
Vecsey et al. (2009) also found increased activity of PDE4 and pro-
tein expression of the specific PDE4 isoform, PDE4A5, after sleep
deprivation. They found that blocking PDE4 signaling during
sleep deprivation rescued not only LTP deficits due to sleep depri-
vation, but also the sleep-deprivation induced deficits in hippo-
campus-dependent memory consolidation. These experiments
provided further evidence that the cAMP–PKA pathway and its
downstream components are key targets for disruption by sleep
deprivation. Moreover, rescue by PDE4 inhibition demonstrates
that this molecular disruption by sleep deprivation produces the
functional deficits in behavior and plasticity.

Adenosine and astrocytes

Different research groups have hypothesized that increased sleep
pressure correlates with elevated adenosine tone, resulting in in-
creased intensity of future sleep episodes (Bjorness and Greene
2009; Porkka-Heiskanen and Kalinchuk 2011). Adenosine is a
key neuromodulator highly implicated in the sleep–wake litera-

ture (Basheer et al. 2004). Adenosine levels are known to fluctuate
throughout the day, peaking during the height of the active peri-
od and then diminishing over the animal’s resting period in both
the hippocampus and the neostriatum (Huston et al. 1996). This
fluctuation in adenosine over the sleep–wake cycle has also
been observed in the forebrain of animals (Porkka-Heiskanen
1997). Studies have observed both this natural homeostatic oscil-
lation of adenosine as well as an increase in adenosine signaling
with extended periods of wakefulness (Porkka-Heiskanen 1997;
Basheer et al. 2007; Elmenhorst et al. 2007). The increase in aden-
osine after periods of wakefulness contributes to the increased
drive for sleep. The effect of heightened sleepiness as a result of el-
evated adenosine levels can be reproduced by pharmacologically
increasing adenosine (Porkka-Heiskanen 1997). Increased adeno-
sine due to sleep deprivation contributes to activation of the aden-
osine A1 receptor, which inhibits synaptic transmission through
attenuation of activity from neighboring excitatory neurons
(Brundege and Dunwiddie 1996; Haas and Selbach 2000; Hargus
et al. 2009). Activation of the A1 receptor also inhibits cAMP sig-
naling through Gi protein coupling, intersecting with another
disrupted pathway (Haas and Selbach 2000; Fredholm et al.
2005). The actions of adenosine on the A1 receptor within the
hippocampus could account for the negative contribution of
sleep deprivation to memory. To examine this possibility, adeno-
sine A1 receptors were pharmacologically inhibited with 8-cyclo-
pentyl-1,3-dimethylxanthine (CPT) in animals sleep-deprived
post-training (Halassa et al. 2009; Florian et al. 2011). CPT infu-
sion into the hippocampus rescued memory and plasticity impair-
ments induced by sleep deprivation (Florian et al. 2011). Blocking
release of transmitters from astrocytes, an indirect source of aden-
osine, also rescued memory and plasticity impairments (Halassa
et al. 2009). These studies support the involvement of adenosine
and A1 receptor signaling in the negative consequences induced
by sleep deprivation.

Gene expression as a result of sleep deprivation
Consolidation relies not only on signaling, but also on waves of
gene expression and protein synthesis (Bourtchouladze et al.
1998; Igaz et al. 2002, 2004). As such, research groups have begun
to conduct gene-expression studies to identify molecular targets of
sleep deprivation. Much of the work has focused on gene expres-
sion in cortical areas after sleep deprivation. Microarray studies al-
low for the examination of thousands of transcripts after sleep
deprivation. This has led to the identification of classes of genes
whose expressions are modified by sleep deprivation in the cortex
and hypothalamus (Mackiewicz et al. 2009; Wang et al. 2010).
After acute periods of sleep deprivation, there is an observed up-
regulation of immediate early genes/transcription factors such as
Arc, c-fos, BDNF, and NGFI-A in the cerebral cortex. As sleep depri-
vation lengthens, changes are observed in other gene classes such
as heat shock proteins, molecular chaperones, growth factors,
adhesion molecules, and components of presynaptic and postsyn-
aptic neurotransmission machinery (for more in-depth reviews
of gene expression changes in the cortex, see Cirelli and Tononi
2000; Tononi and Cirelli 2001; Cirelli 2002; Cirelli et al. 2006;
Mackiewicz et al. 2009; Wang et al. 2010; Curie et al. 2013).

Changes in gene expression related to synaptic plasticity in
the hippocampus after moderate sleep deprivation diverge from
what has been observed in the cortex. Even within the hippocam-
pus, researchers have observed conflicting results regarding gene
expression after sleep deprivation. Taishi et al. (2001) found that
after 8 h of sleep deprivation the immediate early gene Arc in-
creased within the hippocampus, but the growth factor BDNF re-
mained unchanged. However, Guzman-Marin et al. (2006) later
observed that BDNF, as well as Synapsin I, CREB, and CAMKII
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gene expression were reduced after sleep deprivation. Our group
has recently examined gene-expression changes specifically with-
in the hippocampus after sleep deprivation using genome-wide
microarray assays. After 5 h of sleep deprivation, changes in gene
expression of 533 genes, including Arc and Creb I, were observed
in the hippocampus. Clusters of genes involved in particular func-
tions were either up-regulated or down-regulated after sleep depri-
vation. Up-regulated clusters of genes included genes involved in
GTP signaling, the unfolded protein response, nucleosome/chro-
matin assembly, ATP binding, positive regulation of transcription,
andnegative regulation of kinase activity. Down-regulatedclusters
of genes included genes involved in ubiquitination, translation,
RNA-binding/processing, negative regulation of transcription,
and cholesterol metabolism. These widespread changes in hippo-
campal gene expression were reversed with 2.5 h of recovery sleep
following sleep deprivation (Vecsey et al. 2012). Longer periods of
sleep deprivation have also been examined with regard to gene ex-
pression in the hippocampus using microarray analysis to explore
the relationship between age, stress, depression, and sleep disrup-
tion (Conti et al. 2007; Porter et al. 2012). In these studies, selective
changes in genes related to presynaptic machinery and synaptic
plasticity were identified. Although sleep deprivation modulates
gene expression, changes in gene expression are not always in-
dicative of changes in protein expression (Cheval et al. 2012;
Seibt et al. 2012). Vecsey et al. (2012) found reduced levels of the
mammalian target of rapamycin (mTOR), the protein synthesis
regulator, which suggests that protein translation is required for
long-term memory formation and plasticity. Future studies are
needed to more broadly examine changes in protein synthesis as
well as gene transcription following sleep deprivation and sleep.

Conclusion

Within our society, working around the clock is applauded and
seen as a form of dedication. It is commonly viewed as a driving
force for success. Due to this mindset, sufficient sleep often falls
by the wayside. One recurring theme that has surfaced from sleep
research is that even minimal sleep loss contributes to less than
stellar cognitive performance. Time windows exist where sleep
deprivation disrupts hippocampal function. As mentioned previ-
ously, the time period most critical for memory formation appears
to occur somewhere within the first 6 h following learning. Sleep
deprivation constrained to this period after learning is sufficient
to disrupt consolidation dependent on the hippocampus (Smith
and Rose 1997; Graves et al. 2003; Palchykova et al. 2006). How-
ever, the exact onset and end of these windows where sleep is nec-
essary for hippocampus-dependent memory have not been clearly
defined. Identifying the temporal parameters of sleep necessary
for memory consolidation will enable a better understanding of
the effects of both sleep and sleep loss on memory.

In this review, we focused on the role of sleep in synaptic con-
solidation. Of course, many unanswered questions remain in the
memory and sleep field that were not fully addressed in this re-
view. One such topic is the role of sleep in the gradual shift
from memory storage in the hippocampus to storage in neocorti-
cal circuits, termed systems consolidation (Dudai 2004; Wiltgen
et al. 2004; Diekelmann and Born 2010). Cortical areas, such as
the anterior cingulate cortex, prelimbic cortices, and the temporal
cortex, have been implicated by previous genetic and pharma-
cological studies showing that retrieval of remote memories acti-
vates these brain regions, providing evidence that at some time
point these areas become involved in memory storage (Frankland
et al. 2004; Maviel et al. 2004). Although much has been discov-
ered about the molecular mechanisms required for initial memory
processing and synaptic consolidation, those underlying cortical-

related systems consolidation remain less well characterized
(Frankland et al. 2001; Cui et al. 2004). Activation of cortical re-
gions for systems consolidation appears to occur mostly during
periods of inactivity and sleep (Marshall and Born 2007). This is
interesting in the realm of sleep studies because hippocampal
SPW-Rs thought to occur specifically during SWS occur in coor-
dination with neocortical unit firing, slow oscillations, and sleep
spindles to strengthen memory consolidation (Peyrache et al.
2009; Mölle and Born 2011; Born and Wilhelm 2012). This sug-
gests that NREM sleep plays a large role in incorporating memo-
ries to cortical areas. Questions arise as to whether disruption
of SPW-R would prevent systems consolidation. A few research
groups have observed that disruption of SPW-R during post-
training sleep deteriorates memory consolidation (Girardeau
et al. 2009; Taxidis et al. 2013). Future studies will have to deter-
mine if disruption of SPW-R at later time points can affect memo-
ry consolidation once the memory is more reliant on neocortical
areas.

So how do we currently counter the effects of sleep depriva-
tion, which affects so much of the population? In terms of treat-
ment options, development of new therapeutics is severely
lacking in the ability to battle the negative cognitive effects that
accompany insufficient sleep. Many of the drugs that exist have
uncharacterized mechanisms of action. Caffeine, one of the
most common stimulants, is still considered the top over-the-
counter drug to combat tiredness. Caffeine enhances alertness
by antagonism of adenosine A1 receptor and increases cAMP sig-
naling through inhibition of phosphodiesterase (Fredholm et al.
1999; Wu et al. 2009). Chronic caffeine administration has been
shown to prevent sleep loss-induced impairment of cognitive
function and synaptic plasticity (Alhaider et al. 2010b). Another
stimulant, modafinil, prescribed for treatment of excessive day-
time sleepiness, prevents sleep-deprivation induced cognitive im-
pairments (Moreira et al. 2010). This drug has not been as well
characterized, but is thought to involve orexinergic neurons that
project to many areas that regulate wakefulness (Chemelli et al.
1999; Scammell et al. 2000). Although the orexinergic system is in-
volved in the stimulant effects of modafinil, this system is not the
only pathway that modafinil works through to increase alertness
and rescue cognition (Gerrard and Malcolm 2007). Other neuro-
transmitter systems affected by modafinil include histamine,
norepinephrine, serotonin, dopamine, and g-aminobutryic acid
(GABA). The GABA neurotransmitter system has come to the fore-
front as a possible target for therapeutic treatment. Zolpidem
(Ambien), a GABAA receptor agonist, is a drug recently assessed
for its effect on sleep features and resulting hippocampus-de-
pendent memory consolidation. This drug seemingly enhances
memory consolidation by increasing sleep spindle density, and de-
creasing REM sleep (Mednick et al. 2013). Understanding the me-
chanics as well as the limitations of these drug types will provide
insight into which molecular pathways play a role in sleep and
memory. None of current treatment options effectively treat the
underlying physiology of sleep deprivation, but instead seem to
mask the issue by treating peripheral symptoms accompanying
sleep loss. Other than improving and developing new pharma-
cotherapeutic treatments, researchers have now begun seeking
alternatives to drug treatments by strengthening memory con-
solidation during sleep. For example, enhancing spindle activity
and slow wave oscillations via external stimulation administered
in synchrony with the endogenous rhythm of the brain during
sleep can strengthen memory consolidation in humans and ro-
dents (Marshall et al. 2006; Massimini et al. 2007; Vyazovskiy
et al. 2009; Ngo et al. 2013). Hopefully, by identifying molecu-
lar targets and circuitry disrupted by sleep deprivation, we can
develop more effective treatments for the accompanying impair-
ments in cognition.
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Selective suppression of hippocampal ripples impairs spatial memory.
Nat Neurosci 12: 1222–1223.

Giuditta A, Ambrosini MV, Montagnese P, Mandile P, Cotugno M,
Zucconi GG, Vescia S. 1995. The sequential hypothesis of the function
of sleep. Behav Brain Res 69: 157–166.

Goerke M, Cohrs S, Rodenbeck A, Grittner U, Sommer W, Kunz D. 2013.
Declarative memory consolidation during the first night in a sleep lab:
The role of REM sleep and cortisol. Psychoneuroendocrinology 38:
1102–1111.

Grassi Zucconi G, Cipriani S, Balgkouranidou I, Scattoni R. 2006. “One
night” sleep deprivation stimulates hippocampal neurogenesis. Brain
Res Bull 69: 375–381.

Graves L, Pack A, Abel T. 2001. Sleep and memory: A molecular perspective.
Trends Neurosci 24: 237–243.

Graves LA, Heller EA, Pack AI, Abel T. 2003. Sleep deprivation selectively
impairs memory consolidation for contextual fear conditioning. Learn
Mem 10: 168–176.

Grecksch G, Matthies H. 1980. Two sensitive periods for the amnesic effect
of anisomycin. Pharmacol Biochem Behav 12: 663–665.

Greenstein YJ, Pavlides C, Winson J. 1988. Long-term potentiation in the
dentate gyrus is preferentially induced at theta rhythm periodicity.
Brain Res 438: 331–334.

Guzman-Marin R, Ying Z, Suntsova N, Methippara M, Bashir T,
Szymusiak R, Gomez-Pinilla F, McGinty D. 2006. Suppression of
hippocampal plasticity-related gene expression by sleep deprivation in
rats. J Physiol 575: 807–819.

Haas HL, Selbach O. 2000. Functions of neuronal adenosine receptors. N-S
Arch Pharmakol 362: 375–381.

Hagewoud R, Havekes R, Novati A, Keijser JN, Van der Zee EA, Meerlo P.
2010a. Sleep deprivation impairs spatial working memory and

reduces hippocampal AMPA receptor phosphorylation. J Sleep Res 19:
280–288.

Hagewoud R, Havekes R, Tiba P, Novati A, Hogenelst K, Weinreder P, Van
der Zee E, Meerlo P. 2010b. Coping with sleep deprivation: Shifts
in regional brain activity and learning strategy. Sleep 33: 1465–1473.

Hagewoud R, Whitcomb SN, Heeringa AN, Havekes R, Koolhaas JM,
Meerlo P. 2010c. A time for learning and a time for sleep: The effect of
sleep deprivation on contextual fear conditioning at different times of
the day. Sleep 33: 1315–1322.

Halassa MM, Florian C, Fellin T, Munoz JR, Lee SY, Abel T, Haydon PG,
Frank MG. 2009. Astrocytic modulation of sleep homeostasis and
cognitive consequences of sleep loss. Neuron 61: 213–219.

Hargus NJ, Bertram EH, Patel MK. 2009. Adenosine A1 receptors
presynaptically modulate excitatory synaptic input onto subiculum
neurons. Brain Res 1280: 60–68.

Havekes R, Vecsey CG, Abel T. 2012. The impact of sleep deprivation on
neuronal and glial signaling pathways important for memory and
synaptic plasticity. Cell Signal 24: 1251–1260.

Hellman K, Abel T. 2007. Fear conditioning increases NREM sleep. Behav
Neurosci 121: 310–323.

Hellman K, Hernandez P, Park A, Abel T. 2010. Genetic evidence for a role
for protein kinase A in the maintenance of sleep and thalamocortical
oscillations. Sleep 33: 19–28.

Hendricks JC, Williams JA, Panckeri K, Kirk D, Tello M, Yin JC, Sehgal A.
2001. A non-circadian role for cAMP signaling and CREB activity in
Drosophila rest homeostasis. Nat Neurosci 4: 1108–1115.

Hennevin E, Hars B, Maho C, Bloch V. 1995. Processing of learned
information in paradoxical sleep: Relevance for memory. Behav Brain
Res 69: 125–135.

Hernandez PJ, Abel T. 2011. A molecular basis for interactions between
sleep and memory. Sleep Med Clin 6: 71–84.

Hirotsu C, Tufik S, Bergamaschi CT, Tenorio NM, Araujo P, Andersen ML.
2010. Sleep pattern in an experimental model of chronic kidney
disease. Am J Physiol Renal Physiol 299: F1379–F1388.

Hobson J, Steriade M. 2011. Comprehensive physiology (ed. Terjung R), John
Wiley & Sons, Inc., Hoboken, NJ.

Huber R, Ghilardi MF, Massimini M, Tononi G. 2004. Local sleep and
learning. Nature 430: 78–81.

Huston J, Haas H, Boix F, Pfister M, Decking U, Schrader J, Schwarting R.
1996. Extracellular adenosine levels in neostriatum and hippocampus
during rest and activity periods of rats. Neuroscience 73: 99–107.

Igaz LM, Vianna MRM, Medina JH, Izquierdo I. 2002. Two time periods of
hippocampal mRNA synthesis are required for memory consolidation
of fear-motivated learning. J Neurosci 22: 6781–6789.

Igaz LM, Bekinschtein P, Vianna MMR, Izquierdo I, Medina JH. 2004. Gene
expression during memory formation. Neurotox Res 6: 189–204.

Ishikawa A, Kanayama Y, Matsumura H, Tsuchimochi H, Ishida Y,
Nakamura S. 2006. Selective rapid eye movement sleep deprivation
impairs the maintenance of long-term potentiation in the rat
hippocampus. Eur J Neurosci 24: 243–248.

Jasper HH, Khan RT, Elliot KA. 1965. Amino acids released from the cerebral
cortex in relation to its state of activation. Science 147: 1448–1449.

Jenkins JG, Dallenbach K. 1924. Obliviscence during sleep and waking. Am
J Physiol 35: 605–612.

Ji D, Wilson MA. 2007. Coordinated memory replay in the visual cortex
and hippocampus during sleep. Nat Neurosci 10: 100–107.

John J, Wu M-F, Boehmer LN, Siegel JM. 2004. Cataplexy-active neurons in
the hypothalamus: Implications for the role of histamine in sleep and
waking behavior. Neuron 42: 619–634.

Jouvet M. 1962. Research on the neural structures and responsible
mechanisms in different phases of physiological sleep. Arch Ital Biol
100: 125–206.

Kamphuis J, Meerlo P, Koolhaas JM, Lancel M. 2012. Poor sleep as a potential
causal factor in aggression and violence. Sleep Med 13: 327–334.

Kapur VK, Redline S, Nieto FJ, Young TB, Newman AB, Henderson JA. 2002.
The relationship between chronically disrupted sleep and healthcare
use. Sleep 25: 289–296.

Klemm WR. 1976. Hippocampal EEG and information processing: A
special role for theta rhythm. Prog Neurobiol 7: 197–214.

Klimesch W, Doppelmayr M, Yonelinas A, Kroll NE, Lazzara M, Röhm D,
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Claustrat B, Touret M, Luppi P-H, Salin PA. 2009. Paradoxical (REM)
sleep deprivation causes a large and rapidly reversible decrease in
long-term potentiation, synaptic transmission, glutamate receptor
protein levels, and ERK/MAPK activation in the dorsal hippocampus.
Sleep 32: 227–240.

Rechtschaffen A, Kales A, ed. 1968. A manual of standardized terminology,
techniques and scoring system for sleep stages of human subjects. Brain
Information Service, Brain Research Institute, UCLA, Los Angeles, CA.

Roberson ED, Sweatt JD. 1999. A biochemical blueprint for long-term
memory. Learn Mem 6: 381–388.

Roberson ED, English JD, Adams JP, Selcher JC, Kondratick C, Sweatt JD.
1999. The mitogen-activated protein kinase cascade couples PKA and
PKC to cAMP response element binding protein phosphorylation in
area CA1 of hippocampus. J Neurosci 19: 4337–4348.

Romcy-Pereira R, Pavlides C. 2004. Distinct modulatory effects of sleep on
the maintenance of hippocampal and medial prefrontal cortex LTP. Eur
J Neurosci 20: 3453–3462.

Rudoy JD, Voss JL, Westerberg CE, Paller KA. 2009. Strengthening
individual memories by reactivating them during sleep. Science 326:
1079.

Ruskin DN, LaHoste GJ. 2009. Reduced-volume cues effectively support
fear conditioning despite sleep deprivation. Physiol Behav 96: 64–66.

Ruskin DN, Liu C, Dunn KE, Bazan NG, LaHoste GJ. 2004. Sleep deprivation
impairs hippocampus-mediated contextual learning but not
amygdala-mediated cued learning in rats. Eur J Neurosci 19: 3121–3124.

Sleep loss and hippocampal function

www.learnmem.org 568 Learning & Memory



Sagales T, Domino EF. 1973. Effects of stress and REM sleep deprivation on
the patterns of avoidance learning and brain acetylcholine in the
mouse. Psychopharmacologia 29: 307–315.

Sanford LD, Yang L, Wellman LL, Liu X, Tang X. 2010. Differential effects of
controllable and uncontrollable footshock stress on sleep in mice. Sleep
33: 621–630.

Scammell TE, Estabrooke IV, McCarthy MT, Chemelli RM, Yanagisawa M,
Miller MS, Saper CB. 2000. Hypothalamic arousal regions are activated
during modafinil-induced wakefulness. J Neurosci 20: 8620–8628.

Schendan HE, Searl MM, Melrose RJ, Stern CE. 2003. An FMRI study of the
role of the medial temporal lobe in implicit and explicit sequence
learning. Neuron 37: 1013–1025.

Schmitt WB, Sprengel R, Mack V, Draft RW, Seeburg PH, Deacon RMJ,
Rawlins JNP, Bannerman DM. 2005. Restoration of spatial working
memory by genetic rescue of GluR-A-deficient mice. Nat Neurosci 8:
270–272.

Seibt J, Dumoulin MC, Aton SJ, Coleman T, Watson A, Naidoo N,
Frank MG. 2012. Protein synthesis during sleep consolidates cortical
plasticity in vivo. Curr Biol 22: 676–682.

Siegel JM. 2001. The REM sleep-memory consolidation hypothesis. Science
294: 1058–1063.

Smith C. 1985. Sleep states and learning: A review of the animal literature.
Neurosci Behav Rev 9: 157–168.

Smith C. 2001. Sleep states and memory processes in humans: Procedural
versus declarative memory systems. Sleep Med Rev 5: 491–506.

Smith C, Lapp L. 1991. Increases in number of REMS and REM density in
humans following an intensive learning period. Sleep 14: 325–330.

Smith C, Rose GM. 1996. Evidence for a paradoxical sleep window for place
learning in the Morris water maze. Physiol Behav 59: 93–97.

Smith C, Rose GM. 1997. Posttraining paradoxical sleep in rats is increased
after spatial learning in the Morris water maze. Behav Neurosci 111:
1197–1204.

Smith C, Smith D. 2003. Ingestion of ethanol just prior to sleep onset
impairs memory for procedural but not declarative tasks. Sleep 26:
185–191.

Squire LR, Knowlton B, Musen G. 1993. The structure and organization of
memory. Annu Rev Psychol 44: 453–495.

Steriade M, McCormick DA, Sejnowski TJ. 1993a. Thalamocortical
oscillations in the sleeping and aroused brain. Science 262: 679–685.

Steriade M, Nunez A, Amzica F. 1993b. Intracellular analysis of relations
between the slow (,1 Hz) neocortical oscillation and other sleep
rhythms of the electroencephalogram. J Neurosci 13: 3266–3283.

Stickgold R. 1998. Sleep: Off-line memory reprocessing. Trends Cogn Sci 2:
484–492.

Stickgold R, Walker MP. 2013. Sleep-dependent memory triage: Evolving
generalization through selective processing. Nat Neurosci 16: 139–145.

Stickgold R, Whidbee D, Schirmer B, Patel V, Hobson JA. 2000. Visual
discrimination task improvement: A multi-step process occurring
during sleep. J Cogn Neurosci 12: 246–254.

Stickgold R, Hobson JA, Fosse R, Fosse M. 2001. Sleep, learning, and dreams:
Off-line memory reprocessing. Science 294: 1052–1057.

Strine TW, Chapman DP. 2005. Associations of frequent sleep insufficiency
with health-related quality of life and health behaviors. Sleep Med 6:
23–27.

Tadavarty R, Kaan TKY, Sastry BR. 2009. Long-term depression of excitatory
synaptic transmission in rat hippocampal CA1 neurons following
sleep-deprivation. Exp Neurol 216: 239–242.

Tadavarty R, Rajput PS, Wong JM, Kumar U, Sastry BR. 2011.
Sleep-deprivation induces changes in GABAB and mGlu receptor
expression and has consequences for synaptic long-term depression.
PloS One 6: e24933.

Taishi P, Sanchez C, Wang Y, Fang J, Harding JW, Krueger JM. 2001.
Conditions that affect sleep alter the expression of molecules associated
with synaptic plasticity. Am J Physiol Regul Integr Comp Physiol 281:
R839–R845.

Tamaki M, Matsuoka T, Nittono H, Hori T. 2008. Fast sleep spindle (13–15
Hz) activity correlates with sleep-dependent improvement in
visuomotor performance. Sleep 31: 204–211.

Tamaki M, Matsuoka T, Nittono H, Hori T. 2009. Activation of fast sleep
spindles at the premotor cortex and parietal areas contributes to motor
learning: A study using sLORETA. Clin Neurophysiol 120: 878–886.

Tartar JL, Ward CP, McKenna JT, Thakkar M, Arrigoni E, McCarley RW,
Brown RE, Strecker RE. 2006. Hippocampal synaptic plasticity and
spatial learning are impaired in a rat model of sleep fragmentation. Eur J
Neurosci 23: 2739–2748.

Taxidis J, Mizuseki K, Mason R, Owen MR. 2013. Influence of slow
oscillation on hippocampal activity and ripples through
cortico-hippocampal synaptic interactions, analyzed by a
cortical-CA3-CA1 network model. Front Comput Neurosci 7: 3.

Tononi G, Cirelli C. 2001. Modulation of brain gene expression during
sleep and wakefulness: A review of recent findings.
Neuropsychopharmacology 25: S28–S35.

Trachsel L, Tobler I, Achermann P, Borbély AA. 1991. Sleep continuity and
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