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ABSTRACT��1RQ�5DSLG�H\H�PRYHPHQW�>15(0@�VOHHS�KDV�EHHQ�VKRZQ�WR�EH�DQ�LQÁXHQWLDO�SURFHVV�
in the consolidation of  declarative memories. This hypothesis is derived from a variety of  experiments 
that involve manipulation of  sleep cycles around word-pair learning tasks. There are two popular the-
ories that attempt to explain the underlying mechanisms: the synaptic homeostasis hypothesis suggests 
that slow oscillations seen in sleep EEG indicate the global downscaling of  synaptic strengths, leading 
to an improved signal-to-noise ratio for relevant synaptic connections; the active system consolidation 
hypothesis suggests that memory traces are actively replayed in order to be reorganised and consolidat-
ed, involving a continual interchange of  information between the hippocampus and the cortex. There is 
a considerable amount of  data from different study paradigms to support both theories. However, they 
are not mutually exclusive and attempts have been made to combine the theoretical frameworks together 
to form an overall model. I also consider the overall modulation of  memory consolidation during sleep 
by the activity acetylcholine, which in turn may be controlled by cortisol at an endocrine level. I give 
an evaluation of  various experimental techniques that are shared across many studies in this subject. I 
highlight a number of  issues with the current methodology, including the implications of  correlational 
data provided by EEG activity and the effect of  semantic representations in the brain. An overall anal-
ysis of  the data suggests that theories in this subject are mostly congruent with each other. There are 
also implications for other areas: REM sleep may also be involved in declarative memory consolidation, 
contrary to the classical dual-process model; reconsolidation for declarative memories may turn out to be 
the same process as consolidation. I give suggestions for further experiments that could be conducted to 
address some of  the current uncertainties.

1. Introduction

 Studies have shown throughout history that 
sleep can affect the process of  memory formation. In-
deed, many theories postulate that one of  the functions 
of  sleep is to facilitate or improve memory formation. 
Recent experiments have shown that non-REM [NREM] 
sleep in particular can enhance declarative memory for-
PDWLRQ��,W�LV�VXJJHVWHG�WKDW�VSHFLÀF�QHXUDO�DFWLYLW\�SUHVHQW�
during the various stages of  NREM sleep may contribute 
to the consolidation of  declarative memories (Rasch & 
Born, 2013).

Memory Consolidation

 A classical model of  memory involves two dif-
ferent types of  memories – short-term and long-term. 
Short-term memory is very dynamic, but is also very la-
bile and susceptible to degradation either over time (tens 

of  seconds) or though interference. Long-term memory, 
RQ�WKH�RWKHU�KDQG��LV�GLIÀFXOW�WR�HVWDEOLVK��RIWHQ�UHTXLUHV�
a long learning process, but is stable over months or years 
and is not usually affected by interference (Atkinson and 
6KLIIULQ���������&RQVROLGDWLRQ�LV�RIWHQ�GHÀQHG�DV�WKH�SUR-
cess through which short-term memory is stabilised into 
long-term memory after its initial acquisition from senso-
ry inputs (McGaugh, 2000).

Figure 1. Classical model of the stages of memory formation

Declarative and Non-Declarative Memory

 Within the domain of  long-term memory, there 
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are subdivisions containing different types of  memory. 
This is relevant because these have been shown to involve 
different neurological structures. The most important di-
vision is between declarative and non-declarative memo-
ry. Declarative memories are memories that a subject can 
explicitly describe, such as a past event, or the meaning of  
a word or concept; non-declarative memories are mem-
ories that cannot be expressed, and includes things like 
motor skills, primed responses, habituation etc. Declar-
ative memories have been shown involve the cortex and 
hippocampus, whereas non-declarative memories involve 
the cerebellum and amygdala (Squire & Zola-Morgan, 
1991).

Figure 2. Divisions of long-term memory, based on (Squire & Zola-Morgan, 
1991)

 Most of  the experiments cited in this paper use 
methods which test semantic memory as a representation 
of  declarative memory in general. This is also due to the 
fact that learning tasks such as word-pair association are 
much easier to be implemented in a controlled fashion 
compared to episodic events (which would be personal). 
These experiments usually involve a word-pair learning 
task followed by a recall test. Non-declarative memory, 
on the other hand, is usually represented by procedural 
PHPRU\�WDVNV�VXFK�DV�D�PLUURU�WUDFLQJ�RU�ÀQJHU�VHTXHQFH�
tapping. This is sometimes used as a control to highlight 
the effects of  declarative memory alone.

Sleep 

� 6OHHS�LV�D�SURFHVV�WKDW�LV�FKDUDFWHULVHG�E\�VSHFLÀF�
SDWWHUQV�RI �QHXUDO� DFWLYLW\��XVXDOO\� LGHQWLÀHG�ZLWK�((*��
There are several stages of  sleep, but these can gener-
ally be divided into REM sleep – characterised by rapid 
eye movements – and non-REM [NREM] sleep. NREM 
sleep has four separate stages, each of  which have their 
own characteristic activity as measured on an EEG. Stag-
es 3 and 4 are classed together as slow-wave sleep.

2. Sleep and Learning Task Performance

 Dual-Process Theory. The dual-process theory is the 
generalisation that declarative memory is enhanced by 
NREM sleep while non-declarative memory is enhanced 
by REM sleep (Plihal & Born, 1997). Several different 
study paradigms have been used to study the differential 
effects of  NREM and REM sleep. The focus here will be 
on NREM sleep and declarative memory.
 Night-half  paradigm. This is a classical experimen-
tal design that involves splitting the night into two halves. 
Word-pair learning tasks and procedural mirror-trac-
ing tasks (for declarative memory and non-declarative 
memory respectively) are introduced before either early 
sleep or late sleep. The protocols for word-pair associa-
tion tasks, which are used to analyse declarative memory 
performance, are usually very similar. For example, this 
might involve 48 word pairs presented to the subject for 
learning, with eight pairs discarded (four at beginning, 
four at end) to account for primacy/recency effects. The 
subjects are then allowed to rest for a period of  time, 
which may include sleep. Finally, there is recall task where 
WKH�ÀUVW��FXH��ZRUG�LV�SUHVHQWHG�WR�WHVW�IRU�WKH�DVVRFLDWHG�
pair. Mirror-tracing tasks, used to analyse non-declarative 
memory, may involve the subject being asked to trace 
DURXQG�D�VKDSH�XVLQJ�D�SHQ�ZKLOH�RQO\�XVLQJ�WKH�UHÁHFWLRQ�
of  their hands as a guide. This causes a reversal in visu-
al feedback that would improve over time and practice 
(Gais & Born, 2004a).
 Since REM sleep occurs more in the latter stages 
of  the night, and vice versa for NREM sleep, it is hy-
pothesised that a difference in performance in the recall 
would be due to the effects of  the two types of  sleep. In 
one study, a double dissociation was shown: NREM sleep 
in early sleep improved declarative memory performance, 
while REM sleep in late sleep improved non-declarative 
memory performance (Plihal & Born, 1997).
 Day-time nap. More recent methods showed that 
a one-hour daytime nap consisting of  only NREM sleep 
improved subjects’ performance in declarative memo-
ry tasks but not procedural (non-declarative) memory 
tasks (Tucker et al., 2006). The control group here simply 
stayed awake for an hour. This result is important as it 
shows a causative relationship; it heavily suggests that the 
underlying mechanisms of  NREM might be involved in 
the consolidation of  declarative memories.
 Sleep deprivation. Another way to study NREM 
sleep is through sleep deprivation, though this can be dif-
ÀFXOW�WR�DFKLHYH�PHWKRGRORJLFDOO\��,Q�RQH�VWXG\��VXEMHFWV�
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were kept awake for 24 hours before a learning task. The 
result was both reductions in recall in the short term and 
long term (Gais et al., 2007).
 The problem with these results is that they do not 
tell us anything about the underlying mechanisms NREM 
sleep on declarative memory. As such, further studies 
have been conducted to explore this using different ex-
perimental techniques.
 Theories. Various experiment have given rise to two 
popular theories that attempt to give an overall model of  
the mechanisms behind the effects of  sleep on declarative 
memory consolidation: the synaptic homeostasis hypoth-
esis and the active system consolidation hypothesis. Both 
theories incorporate a wide range of  data form different 
studies. In summary, the synaptic homeostasis hypothesis 
suggests that the positive effect on consolidation is due 
to a global downscaling of  synaptic strengths (Tononi & 
Cirelli, 2006), whilst the active system consolidation hy-
pothesis suggests that memory reactivations between the 
hippocampus and the cortex are actively induced to pro-
mote consolidation (Born & Wilhelm, 2012).

3. Synaptic Homeostasis Hypothesis

 The synaptic homeostasis hypothesis [SHY] sug-
gests that SWS downscales synaptic strength globally (To-
noni & Cirelli, 2006). This indirectly promotes consolida-
tion by depressing weak synaptic connections and thus 
improving the signal-to-noise ratio of  stronger connec-
tions that were encoded in wakefulness. The main claims 
are that: (1) Synapses are globally potentiated during wak-
ing, (2) Synapses are globally depressed during SWS, and 
����6\QDSWLF�SRWHQWLDWLRQ�LQÁXHQFHV�WKH�KRPHRVWDWLF�FRQ-
trol of  SWS. 
 Downscaling may be necessary because the brain 
cannot be in a constant state of  acquiring new memories 
and laying down new connections. Since it takes energy 
to establish a synaptic connection as well as to maintain 
it, the brain will need a way to prune old or unnecessary 
FRQQHFWLRQV��7KH�6+<�LGHQWLÀHV�VORZ�RVFLOODWLRQV�DV�WKH�
key indication of  this global downscaling.

Slow Oscillations

 Slow oscillations are a characteristic EEG pattern 
that is seen during SWS (stages 3 and 4 of  NREM sleep). 
They indicate global synchronous transitions between pe-
ULRGV�RI �VXVWDLQHG�ÀULQJ�DQG�SHULRGV�RI �GLPLQLVKHG�DFWLY-
ity, at around 1-4Hz. These patterns are generated in the 

cortex (Rasch & Born, 2013).
 One study showed that the negative phase of  
slow wave oscillations, as recorded on an EEG, correlate 
with reduced activity in individual neurones (Vyazovskiy 
et al., 2009). Another computational study showed that 
a decrease in the strength of  excitatory cortico-cortical 
connections could account for the decrease global activity 
seen in SWS, including various aspects of  the waveform 
of  slow oscillations (amplitude, slop, incidence of  mul-
tiple-wave peaks etc.) (Esser et al., 2007). These studies 
support the SHY as they suggest that the low frequency 
oscillations are a manifestation of  reduced global synap-
tic activity.
 Further experiments highlight the link to memory 
consolidation. Anodal transcranial direct current stimu-
lation [tDCS] has been used as a non-invasive technique 
to depolarise neurones in human brains. This was carried 
out in one study in SWS as a way of  inducing slow oscil-
lations in subjects during the retention interval (Gais & 
Born, 2004a). The result was that retention was increased 
compared to placebo group. It is interesting that this ef-
fect was only seen when tDCS was applied during SWS, 
and not in waking, nor for a procedural task (non-declar-
ative memory).
 In another study, a slow oscillatory potential was 
applied transcranially at 0.75 Hz during SWS, imitating 
the normal slow wave activity. The result was that learn-
LQJ�SHUIRUPDQFH�ZDV�VLJQLÀFDQWO\�LPSURYHG��0DUVKDOO�HW�
al., 2006). The opposite effect was seen for tDCS apply-
ing theta frequency oscillations at 5Hz, which suppresses 
normal slow wave activity (Marshall et al., 2011).

LTP

 Long-term potentiation [LTP] is presented as 
a synaptic-level mechanism for the changes in synaptic 
potential (even though SHY is more vague on the pre-
cise mechanism, referring to it as ‘LTP-like’) (Tononi & 
Cirelli, 2012). LTP has been widely shown to be a reli-
able mechanism that explains permanent changes in the 
strength of  synapses. It is essentially a process through 
which synaptic connections become stronger through 
repeated and synchronous activation. It occurs when a 
presynaptic neurone is activated weakly at the same time 
as a strong postsynaptic depolarization, leading to the 
strengthening of  this synapse and a lowered threshold for 
activation in future. LTP can be non-associative (for a sin-
gle input) or associative between multiple inputs, where it 
LV�DOVR�FR�RSHUDWLYH�DQG�LQSXW�VSHFLÀF��7KH�WLPHVFDOH�RI �
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LTP is also appropriate as synaptic consolidation occurs 
over hours.

4. Active System Consolidation

 The active consolidation hypothesis is another 
theory that attempts to explain memory consolidation. 
This is a more integrative theory that is focussed on the 
idea of  systems level consolidation (Born & Wilhelm, 
2012).
 Essentially, it involves a bidirectional transfer of  
information between the cortex and hippocampus over 
time, which provides the basis for memory consolidation 
at a systems level. Neural activity, including hippocam-
pal ripples and thalamo-cortical spindles – as measured 
E\�((*�²� XQGHUOLH� WKLV� SURFHVV�� 6LQFH� WKHUH� LV� D� ÀQLWH�
amount of  space in the cortex, old memories are reorgan-
ised so that they can be re-integrated with new memories, 
WKXV�LPSURYLQJ�HIÀFLHQF\�DQG�SUHYHQWLQJ�WKHP�IURP�EH-
LQJ�RYHUZULWWHQ��6LPLODU�WR�WKH�6+<��WKLV�WKHRU\�LGHQWLÀHV�
LTP as a potential candidate for changes in synaptic ac-
tivity at a local scale (Born & Wilhelm, 2012).

Two-Stage Model

 The active consolidation hypothesis is based on 
the two-stage model of  memory consolidation (Diekel-
mann & Born, 2010). This model hypothesises that 
the hippocampus and the cortex serve distinct roles in 
memory consolidation. The hippocampus is presented 
as a short-term store, which is capable of  learning very 
quickly and is highly plastic and volatile. The cortex is 
presented as a long-term store, which has high stability 
but is slow to learn. A period of  time (days) is needed for 
the short-term store to teach newly acquired information 
traces to the long-term store (Buzsaki, 1989).
 This theory can also account for how the brain 
might acquire new memory traces without disrupting ex-
isting traces; this is called the stability-plasticity dilemma. 
The two-stage model offers a solution as it hypothesis-
es that old information is brought out of  the long-term 
store (cortex) into the short-term store (hippocampus), 
where it is reorganised and integrated with new infor-
mation. This is then put back into the long-term store 
(Diekelmann & Born, 2010).

Reactivation of  Memories

 Reactivation of  memories is central to the active 

system consolidation hypothesis, which suggests that it 
is the active replay of  newly acquired traces during sleep 
that drives memory consolidation.
 Experiments in rats have shown that spatial mem-
ory is replayed during SWS (Ji & Wilson, 2007). In this 
study, rats were exposed to a spatial learning task; neuro-
nal spikes were recorded in SWS following the exposure 
using a tetrode implanted in the rats’ skulls.
 The raw recordings from cells show a clear cor-
relation between start time and end time of  frames, which 
DUH�SDWWHUQV�RI �ÀULQJ�DFURVV�VHYHUDO�QHXURQHV�LQ�WKH�VDPH�
recording area. Meanwhile, the distribution of  the time 
differences, with the median to the right of  zero, indi-
FDWHV�WKDW�WKH�FRUWH[�ÀUHV�LPPHGLDWHO\�EHIRUH�WKH�KLSSR-
campus.
 This could imply that during sleep, the cortex ini-
tiates a transfer of  information to the hippocampus. The 
purpose of  this could be that select ‘packets’ of  infor-
mation are extracted from the cortex in order to be reor-
ganised within the hippocampus. This means that when 
the information is transferred back to the cortex, it is in a 
PXFK�PRUH�FRPSDFW�DQG�HIÀFLHQW�IRUP��ERWK�LQ�WHUPV�RI �
storage and later retrieval.
 Firing of  individual cells was also recorded. The 
VDPH� SDWWHUQV� RI � ÀULQJ� ZHUH� VHHQ� LQ� ERWK� ZDNLQJ� DQG�
sleeping across multiple cells, again suggesting that there 
is a replay in the memory that had been formed; the tem-
poral order in particular was preserved. This was seen in 
both the cortex and the hippocampus. 
 Studies in humans have also supported the idea 
of  memory reactivations. PET imaging showed that the 
activity was increased in the right hippocampal and par-
ahippocampal areas in SWS following a daytime naviga-
tion task (Peigneux et al., 2004). There was also a positive 
FRUUHODWLRQ� EHWZHHQ� FHUHEUDO� EORRG� ÁRZ� WR� WKHVH� DUHDV�
and overnight improvement in performance in the spatial 
navigation.
 Memories can also be activated through cueing 
during sleep (Rasch et al. 2007). In this study odours were 
presented to waking subjects in conjunction with a vi-
suospatial object-location learning task. The same odour 
was subsequently reintroduced during SWS, REM sleep 
RU� ZDNLQJ�� 5HVXOWV� VKRZHG� WKDW� WKHUH� ZDV� D� VLJQLÀFDQW�
improvement in recall for the SWS group alone, even 
though they were not even consciously aware that they 
had been presented with a cue. Also, fMRI data indicate 
that there was activation of  the left anterior and left pos-
terior hippocampus during odour presentation.
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 The extraction of  old memories from the cortex 
could manifest as the reactivation of  memories seen in 
some studies. This would explain why cueing reactivations 
e.g. by odours might improve memory consolidation – as 
it enhances this interplay between the hippocampus and 
the cortex.

Long-Term Activity of  Cortex and Hippocampus

 In a sleep deprivation study, subjects were put 
into two groups following a learning task; one group was 
allowed to have a full night’s sleep, while the other group 
was sleep-deprived for 24 hours. The subjects were then 
imaged using fMRI 48 hours later whilst recalling word-
pairs (Gais et al., 2007).
 In the sleep group, there was functionally related 
activity between hippocampal activity and frontal activity, 
which included the precuneus and the medial prefron-
tal cortex (mPFC). But in the sleep-deprived group there 
ZDV�QR�UHODWHG�DFWLYLW\��7KHUH�ZDV�DOVR�D�VLJQLÀFDQW�HIIHFW��
over a time frame of  months, in the overall activation of  
the hippocampus and the mPFC.
 Results indicate that in the sleep group, the hip-
pocampus is more active immediately following learning, 
but the mPFC is more active over the long term. Howev-
er, this is opposite in the sleep-deprived group. 
 A possible explanation here is that the hippocam-
pus could be acting as a teacher for the cortex, which ac-
counts for the higher activity in the normal group. In the 
sleep-deprived group, on the other hand, the hippocam-
pus is not given an opportunity to carry out this teaching, 
which accounts for the lower level of  activation. Even-
tually this information is degraded over a few days. Six 
months later, however, when the normal group is asked 
to recall word-pairs, they can rely on a well-constructed 
array of  information that is stored in the cortex. But in 
the sleep-deprived group, since this information was nev-
HU�SURFHVVHG�HIÀFLHQWO\��WKH�KLSSRFDPSXV�LV�UHFUXLWHG�DW�
this stage either as a buffer in the retrieval of  old infor-
mation, or to recommence the proper consolidation of  
the old memory.

Neural Basis of  Reactivations – Ripples and Spindles

 EEG recordings have shown that changes in cer-
tain patterns (hippocampal sharp wave-ripples and spin-
dles) correlate with the performance in learning tasks. 
This has lead to the idea that these patterns indicate neu-
ral activity that is involved in memory consolidation, or 

indeed the reactivation of  memory traces. Studies have 
shown phase synchronisation between slow oscillations 
and the activity of  ripples and spindles, which could indi-
cate that the up-phases in slow oscillations initiate infor-
mation transfer between the hippocampus and the cortex  
(Contreras & Steriade, 1995).

Hippocampal Sharp Wave-Ripples

 Hippocampal sharp wave-ripples [ripples] are 
high frequency oscillations seen in EEG recordings 
GXULQJ� VOHHS�� 6SHFLÀFDOO\�� WKH\� DSSHDU� WR� EH� RULJLQDWLQJ�
from the hippocampus (Diekelmann & Born, 2010).
 One study that investigated ripple activity con-
structed a spatial discrimination task in which rats were 
provided reward at the end of  a correct selection of  route 
(Ramadan et al., 2009) .The rats were split into three 
groups: control, trained and pseudo-trained (where they 
were given a reward regardless of  whether they made the 
right choice). The amount of  ripple activity was recorded 
after each training session, which mostly involved SWS.
 The results show a correlation between ripple ac-
tivity and the training process, which would have insti-
gated memory consolidation. The behavioural aspect was 
also investigated by comparing ripple activity in day 6 to 
mean errors in day 7. The rationale was that if  ripple ac-
tivity was correlated with memory consolidation then the 
peak performance would be the day following the night 
with the highest mean ripple activity (day 6). The result 
show a negative relationship, indicating that ripple activity 
corresponds with better learning task performance.

Spindles

 Spindles are found mostly in stage 2 NREM sleep, 
but can also be present in SWS. These are patterns of  os-
cillatory activity at 10-15Hz that appear for periods up to 
3 seconds. Sleep spindles are thought to be generated in 
the GABAergic neurones of  the nucleus reticularis and 
propagated globally via cortico-thalamic circuits (Rasch 
& Born, 2013).
 Increases in spindle activity have been associated 
with declarative memory learning (Schabus et al., 2004). 
This is another observational study involving word-pair 
learning tasks. The results show that the subjects who had 
a positive change in the spindle activity between the ex-
perimental and control nights achieved better results in 
the test.
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 Another study looked at the association of  spin-
dle activity with the integration of  new memories with old 
memories. The experiment involved introducing novel 
words in a learning task that are similar to existing words 
in the subject’s vocabulary (e.g. cathedruke-cathedral) 
(Tamminen et al. 2010). The sub-experiment of  interest 
was an auditory lexical decision task, where the subject 
had to decide whether a presented spoken word was a real 
word or not; real-control words were mixed with real-cue 
words (cathedral) and nonsense-associated words (cathe-
druke). The results show a clear positive correlation in 
the spindle activity in the night’s sleep that immediately 
followed. This supports the hypothesis that memories are 
indeed reorganised after their initial acquisition, as this 
WDVN� VSHFLÀFDOO\� WHVWV� WKH� DELOLW\�RI � WKH� VXEMHFW� WR� FRP-
bine new information with old information (marked by 
increased lexical competition).

5. Combining the Synaptic Homeostasis Hypothe-
sis and the Active System Consolidation Hypothesis

 Though they contend to be independent theories 
in themselves, the synaptic homeostasis hypothesis and 
the active system consolidation hypothesis are not mutu-
ally exclusive (Diekelmann & Born, 2010).
 Genzel et al. attempt to bring the two theories 
together by focusing on the exact sleep stages at which 
these various EEG recordings are observed (Genzel et 
al., 2014). They suggest that the whilst reactivations of  
memories can occur in all stages of  NREM sleep, ex-
change of  information at a global level is likely to be more 
VLJQLÀFDQW�LQ�OLJKW�VOHHS��VWDJHV���DQG���RI �15(0�VOHHS���
Synaptic downscaling, on the other hand, would occur 
more during the deeper stages of  NREM sleep (SWS). 
 Genzel’s theory suggests that synaptic downscal-
LQJ�LWVHOI �LV�LQVXIÀFLHQW�DV�D�ZD\�RI �FRQVROLGDWLQJ�PHP-
ories, as it does nothing to integrate or reorganise new 
and old memories at a systems level. This is especially 
FRQVLGHULQJ�WKDW�WKH�6+<�LV�QRW�VSHFLÀF�DERXW�ZKLFK�QHX-
rological structures drive learning. Instead, it focuses on 
WKH�VSHFLÀF�QHXUDO�HQYLURQPHQW�WKDW�VOHHS�SURGXFHV�DQG�
its relevance to memory consolidation, at a much more 
synaptic level.

6. Homeostatic Modulation

 Another factor that should be considered is how 
the brain controls the overall process of  consolidation. 
Sleep itself  is initiated by structures in the thalamus, and 

propagates globally via different neurotransmitter sys-
tems. This includes cholinergic, noradrenergic and sero-
tonergic neurones, whose activity in general is decreased 
during sleep. Acetylcholine in particular has been studied 
in relation to memory consolidation.

Ach

 The activity of  acetylcholine [Ach] systems on 
memory consolidation has been studied using pharma-
cological methods to modulate its tonal activity (Gais & 
Born, 2004b). At sleep onset, subjects were given an infu-
sion of  physostigmine, a cholinesterase inhibitor that in-
directly increases the activity of  pathways involving Ach 
as a neurotransmitter. The result showed a decrease in 
PHPRU\�WDVN�SHUIRUPDQFH�WKDW�ZDV�VSHFLÀF�WR�GHFODUDWLYH�
memory.
 Activation of  Ach has been shown to also in-
crease synaptic LTP in in vitro preparations of  hippo-
campal structures (Hasselmo & McGaughy, 2004). This 
does seem to support the synaptic homeostasis hypothe-
sis as well, as it is possible that the differential activation 
of  Ach between and waking and sleep could account for 
changes neural activity in general, and hence in synaptic 
potentiation.
 Equally, this can support the active consolidation 
hypothesis – cholinergic activity could be directing the 
brain between a state of  encoding new memories and a 
VWDWH�RI �FRQVROLGDWLRQ��6SHFLÀFDOO\��WKH�SDWKZD\V�LQKLELWHG�
by cholinergic activity are feedback circuits in the CA3 
as well as projections to CA1 and the cortex; these are 
circuits that are involved in active consolidation – where 
information is transferred between the hippocampus to 
the cortex.

Endocrine Control

 The endocrine system has also been implicated in 
memory consolidation. Cortisol is a glucocorticoid that 
has a wide range of  effects throughout the body. Its level 
during sleep is usually low, and when this is raised phar-
macologically then the enhancing effect of  SWS sleep on 
declarative memory consolidation is reduced (Plihal & 
Born, 1999). Pre-encoding levels of  cortisol also seem 
to have a positive correlation with memory recall perfor-
mance (Bennion et al., 2013).
� 7KLV�LV�UHÁHFWLYH�RI �WKH�ZDNLQJ�VWDWH�DV�KLJKOLJKW-
ed by high Ach levels. Cortisol could act on the brain to 
increase alertness (by up regulating Ach). From an evolu-
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WLRQDU\�SRLQW�RI �YLHZ�LW�LV�EHQHÀFLDO�WR�PD[LPLVH�WKH�FD-
pacity of  the brain to acquire new information in a stress-
ful situation (as survival may depend on remembering an 
escape route, for example). Equally, cortisol levels would 
decrease at night to allow for the switch into a ‘consol-
idation state’ to enable these new memory traces to be 
UHWULHYHG�PRUH�HIÀFLHQWO\�DW�D�ODWHU�WLPH�

7. Evaluation of  Experimental Technique

Semantic Representations in the Brain

 As with any experiment, the methods used to ob-
tain the data must be carefully scrutinised. As has been 
mentioned earlier most studies used word-pair associa-
tion tasks as the parameter for learning, with an associat-
ed cued-recall task. 
 A question should be raised as to whether the se-
mantic meaning of  words can affect how they are stored 
in a memory system. There are two popular models of  
how semantic information is represented in the brain. 
The network model involves individual concepts that can 
be connected in any way, such that ‘red’ might be linked 
WR�HLWKHU�¶ÀUH�WUXFN·�RU�¶DSSOHV·��&ROOLQV�	�/RIWXV���������
The strength of  these connections will depend on the 
relevance between the two concepts. For example, ‘eagle’ 
will be better associated with ‘hummingbird’ than ‘squir-
UHO·��EHFDXVH�WKH\�DUH�ERWK�ELUGV�DQG�FDQ�Á\�HWF���EXW�¶HD-
gle’ might be better connected to ‘squirrel’ than ‘table’ 
because they are both animals. The feature model, on 
the other hand, is based on the idea that any object can 
be broken down into its constituent features, such as a 
‘squirrel’ into ‘tail’ and ‘head’ (Tyler & Moss, 2001). Each 
REMHFW� LV� WKHQ� LGHQWLÀHG�WKURXJK�D�VWDWLVWLFDO�DQDO\VLV�RI �
the most relevant features. ‘Head’, for example, might be 
attributed to ‘squirrel’ or ‘eagle’, but ‘wings’ will be specif-
ic to ‘eagle’.
 This is relevant because experiments involving 
learning tasks have used different designs in the word 
pairing. In Tucker’s experiments (2006), these words 
were semantically related (e.g. clock-hands). However, 
other experiments involved word pairs of  undetermined 
semantic relationship e.g. two German nouns (Plihal & 
%RUQ�� ������ RU� HYHQ�ZRUGV� WKDW� DUH� VSHFLÀFDOO\� QRW� VH-
mantically related (Schabus et al., 2004). 
 The dependent variable in most of  these experi-
ments is the error rate in recall, and difference of  this be-
fore and after sleep, to highlight its effects. However, the 
way that two semantically related words are encoded and 

stored in the brain is likely to be different than for two 
words which are not semantically related. Related word-
pairs might undergo much further integration over time, 
in either the network or the feature model. This means 
that sleep might have a great effect in enhancing the as-
sociation between these words, compared to non-related 
words where further processing would not be useful.
 Most experiments currently do use a protocol 
that utilise word pairs that are semantically related words, 
but even then there is an issue of  variability between pairs 
depending on their semantic meaning.  According to the 
feature model, remembering a word pair that consists of  
an object (‘dog’) and a feature of  that object (‘tail’), for 
example, would involve simple and direct link between 
object and component. On the other hand, remembering 
a word pair that consists of  two objects that share similar 
features (‘dog’) and (‘cat’) would involve retrieving two 
sets of  different features, which may involve many dif-
ferent links (tail+nose+etc.). The latter would be a much 
more complicated process in terms of  retrieval, and this 
PLJKW�KDYH�DQ�LQÁXHQFH�RQ�SHUIRUPDQFH�LQ�UHFDOO�

Implications of  Correlational Data 

 *HQHUDOO\�� WKH�ÀUVW� VWHS� WRZDUGV�XQFRYHULQJ� WKH�
underlying mechanism behind a particular physiological 
SURFHVV� LV� WR� ÀQG� D� FRUUHODWLRQ� EHWZHHQ� WZR� HOHPHQWV�
within that process. However, a very basic but important 
point is that correlation does not imply causation. A cor-
relation between A and B, for example, could mean that 
A causes B, B causes A, a third element C causing both A 
and B, or something much more complex.
 This is important because many studies involving 
EEG activity show correlations, but there is seldom much 
indication of  a causative relationship. The reason behind 
this is mostly to do this limits on experimental technique 
– sleep is a very complicated process whose mechanisms 
ZH�GR�QRW�XQGHUVWDQG�IXOO\��VR�LW�LV�GLIÀFXOW�WR�D��LGHQWLI\�
a single mechanistic process and b) manipulate this in hu-
man subjects. Though slow oscillation, spindle and ripple 
activity have all been implicated in memory consolidation, 
only manipulations of  slow oscillations have demonstrat-
ed a causative effect (Marshall et al., 2006; Marshall et al., 
2011).

Limits of  EEG Studies

 An EEG study involves recording changes in po-
tential across electrodes that are placed around the skull. 
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It is a good way of  detecting global changes in activity. 
However, this is still examining neural activity at a very 
basic level. There could be many interactions happening 
between brain structures during sleep that do not pro-
duce any EEG activity, or more than one process which 
contribute to the overall EEG trace (such as slow oscilla-
tion or spindles).

Factors Affected in Sleep Deprivation

 Most sleep-deprivation studies simply involve not 
allowing the subject to sleep at all following a learning 
task (Gais et al., 2007). This could be a problem as other 
stages of  sleep could also be involved in physiological 
processes which we are not yet aware of, but have an ef-
fect on cognitive and memory functions indirectly. 
� 2QH�VWXG\�KDG�DWWHPSWHG�WR�VSHFLÀFDOO\�GHSULYH�
SWS to test for effects on the following nights of  sleep. 
They did this by using an auditory stimulus to disturb the 
subject enough to prevent them from entering SWS, but 
without waking them completely; this was guided by a 
polysomnograph (Ferrara et al., 1999). The subjects re-
ceived two nights of  SWS-deprived sleep followed by a 
normal recovery night.  The result was that though the 
overall length of  sleep did not increase following depri-
vation, the percentage of  Stage-4 NREM sleep and also 
SWS in general was increased. The results show that there 
is a need for SWS and that its deprivation will incur a 
‘debt’ that must be paid later on, as evidenced by the in-
crease in the recovery night. The same technique might 
be applied to a declarative memory task, with an exper-
iment set up to test the effects of  SWS deprivation on 
learning.

8. Overall Analysis 

 Ultimately, these studies aim to provide a full 
model of  the functions of  sleep and how it relates to 
all types of  memories, though this is yet to be achieved.  
Of  the two main theories discussed, the active system 
consolidation hypothesis is probably more complete as 
a model, as it brings together much more data involving 
the interactions of  the hippocampus with the cortex. It is 
worth noting that the results from the vast of  majority of  
studies would either concur with this theory, or provide 
extensions to its parameters.
 Its suggestion of  the roles that the hippocam-
SXV� SOD\V� LQ� GHFODUDWLYH�PHPRU\� FRQVROLGDWLRQ� DOVR� ÀWV�
well with neuropsychological evidence that lesions to this 

structure lead to amnesia. In patient R.B., for example, 
localised lesions to CA1 of  the hippocampus was accom-
panied by severe anterograde amnesia but limited ret-
rograde amnesia (Zola-Morgan et al., 1986). Data from 
other patients show that more extensive damage to the 
hippocampus and its surrounding structures will lead to 
more severe retrograde amnesia (Rempel-Clower et al., 
1996). The reason could be that CA1 is primarily respon-
sible for teaching of  new information to the cortex, and 
lesions to this area will impair only the encoding of  new 
information. Lesions extending to further areas includ-
ing CA3 and the dentate gyrus [DG], which are involved 
in the extraction of  memory traces from the cortex, will 
hence impair the retrieval of  old information as well, 
leading to more severe retrograde amnesia.
 Claims made by the SHY regarding the need for 
synaptic downscaling are probably valid. However, the 
data is less congruent. One study, for example, suggests 
that SWS in fact promotes the opposite process of  syn-
aptic upscaling (Chauvette et al., 2012). Another study 
recommends REM sleep instead of  SWS stage where 
synaptic downscaling occurs (Grosmark et al. 2012). Fur-
ther experiments will be needed to clarify this apparent 
disparity.
 Although these experiments have shown that SWS 
sleep is primarily involved in declarative memory consol-
idation, it is likely that other stages, including REM sleep 
will have an effect either directly or indirectly. A poten-
tial role of  REM sleep is in synaptic consolidation, which 
could occur separately from SWS-mediated systems con-
solidation. A reduced interaction between the cortex and 
hippocampus (systems-level consolidation) could enable 
consolidation to occur at a synaptic level, with LTP being 
enhanced. This is the basis of  the sequential hypothesis, 
which suggests that memory consolidation requires a cy-
clical alternation between both NREM and REM sleep.
 Another concern is that it may be too simplis-
tic to separate information into distinct and independent 
memory systems. Declarative memories (episodic memo-
ry in particular, but perhaps also semantic memory) could 
be associated with emotional responses, which under the 
dual system hypothesis are based on completely different 
neural structures. This raises the question of  whether a 
single memory trace can be processed in two different 
memory subsystems.

Implications for Reconsolidation

 The active system consolidation hypothesis also 
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has an implication for memory reconsolidation, which 
is a more controversial topic. Memory reconsolidation is 
the process through which a stable long-term memory 
that has become labile is re-stabilised. This has been stud-
ied mostly for fear conditioning, a type of  non-declara-
tive memory that involves the amygdala and the associat-
ed limbic system. However, reconsolidation has also been 
LGHQWLÀHG�IRU�GHFODUDWLYH�PHPRU\��)RUFDWR�HW�DO���������
 The puzzling feature for reconsolidation is why 
established memory traces would be made labile again. 
The active system consolidation hypothesis would explain 
this as a part of  the normal consolidation process be-
tween the hippocampus and the cortex. When a memory 
is retrieved the information it contains is extracted and 
transferred to areas where it is needed elsewhere in the 
brain (such as motor cortex). It is possible that this infor-
mation is also transferred to the hippocampus to enable 
this to be updated. The hippocampus will always attempt 
keep memories updated. If  there were new information 
that is relevant to existing memories, then this would be 
integrated together and transferred back into the cortex. 
This means that the old memory would be deleted and 
replaced with an updated ‘version’. This has been demon-
strated in evidence which suggests that NREM sleep af-
fects the integration of  new memories into old memo-
ries (Tamminen et al., 2010). Therefore, reconsolidation 
could be not a separate process, but a manifestation of  
the long-term continuation of  consolidation.

9. Further Experiments and Conclusions

 There are still many questions that are yet to be 
answered; further experiments could be carried out to 
test some of  these considerations:
� ([SHULPHQWDO�GHVLJQV� VKRXOG� UHÁHFW�RQ� WKDW� WKH�
nature of  semantic associations could have an effect on 
the way memories are encoded. Control protocols should 
be introduced to take into account the semantic meaning 
of  word pairs.
 Different experiments techniques need to be de-
veloped in order to manipulate activities such as spindle 
and ripple activity, to demonstrate that these processes 
have a causative effect on consolidation. As an example, 
Marshall’s experiments (2006, 2011) involved modifying 
slow oscillation activity using tDCS; this technique could 
perhaps be adapted to give stimulations that replicate 
spindles or ripples.
 Other neuromodulators, such as noradrenaline 
and serotonin, may also be relevant in controlling global 

neural activity. Again, manipulative techniques could be 
used to investigate their importance in the top-down con-
trol of  memory consolidation.
 The role of  REM sleep on declarative memory 
is unclear. Studies should expand their premises to other 
stages of  sleep, as sleep is likely to be a very integrated 
process. 
 Possible interactions with emotional memory as 
well as other types of  non-declarative memory should 
also be explored. A single memory trace could be rep-
resented in more than one memory system; alternatively, 
two memory systems could interact to encode the same 
memory process.
 On the whole, the studies I have discussed collate 
well to give a general picture of  the mechanisms behind 
how NREM sleep affects the consolidation of  declara-
tive memories. However, more experiments are needed 
to clarify some aspects of  an overall theory, as well as to 
investigate further the mechanistic details.
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