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Abstract

Research evidence has indicated an important role for sleep in processes of learning
and memory. Evidence has shown that a night of sleep in adults can lead to
procedural task performance improvements that are not matched during similar
periods awake. This thesis further examines the relationship between sleep and
processes of leamning and memory, and investigates sleep and cognitive function mn

various clinical disorders.

The first study established that in a group of 20 healthy adults, performance gains on
a procedural task were significantly greater after a period containing sleep than after
a similar period awake. In addition, greater recognition (but not recall) of declarative
material was observed after a period of sleep than after a period of wake. A similar
pattern of results was observed in a group of 20 healthy children, indicating

mechanisms of sleep dependent leaming exist in childhood.

Sleep dependent learning was then assessed in a case series of 4 children undergoing
investigation for sleep disordered breathing, the anecdotal evidence suggested that

sleep disordered breathing is associated with deficits in sleep dependent learning.

After having established the importance of sleep for leamning, a large scale
questionnaire study assessed sleep in 2968 healthy adults, the findings established
that self-reported sleep problems were predictive of poor memory, disrupted

cognitive functioning, and negative affect. In addition, sleep disturbances were

shown to impair quality of life, memory, and mood in 99 adults with epilepsy.

A final study assessed sleep disturbances in 87 children with epilepsy compared with
117 healthy controls, and found children with epilepsy were significantly more likely
to report sleep disturbances than controls. Following this, 20 children with epilepsy
were also randomly selected to undergo seven nights of actigraphy. Correlations
between parent report measures and actigraphy were reasonable, and descriptive

analysis indicated actigraphy may have utility recording nocturnal seizures.
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Chapter 1
A review of the current literature on sleep, learning and memory, and the

clinical conditions obstructive sleep apnoea and epilepsy.

1.0 General introduction

This review of literature provides an introduction to the experimental body of the
thesis, and attempts to provide some background to areas that are discussed in
subsequent experimental chapters. A central theme of this thesis is the investigation
of the relationship between sleep and processes of learning and memory. As such, an
overview of normal human sleep is presented in order to provide a theoretical
context to the empirical work. An understanding of the various physiological
characteristics of sleep, and the presiding theories on functions of sleep, 1s important
in generating background to the empirical studies. Likewise, a description of the
characteristic features of sleep in children provides context for studies assessing
sleep and learning in this group. Methods for recording information on sleep are also
briefly described in order to provide an understanding of the ways in which sleep
quality can be assessed. A detailed review of processes of learning and memory, and
of the evidence associating sleep with these processes, provides the relevant
background to chapters investigating the complex relationship between sleep and
learning. Finally, a general overview of the clinical conditions obstructive sleep
apnoea and epilepsy is presented. This is followed by a discussion of the
relationships between these conditions and sleep, and also between these conditions
and aspects of learning and cognitive function. These conditions are not discussed in
painstaking detail, but rather the overview is intended to provide vital context to
empirical studies specifically assessing sleep and its effects on learning in these

clinical groups.



1.1 An overview of normal human sleep: Its architecture, timing and theories on

function.

1.1.1 Normal Human Sleep

Normal human sleep is characterised by the cyclical alternation of REM (rapid-eye
movement) and NREM (non rapid-eye movement) stages of sleep. Conventionally,
standardized criteria (Rechtschaffen & Kales, 1968) are used to identify the different
sleep stages by their characteristic physiological features, especially EEG
(electroencephalogram — measurement of electrical activity of the brain by recording
from electrodes placed on the scalp), EOG (electro-oculogram - measurement of the
resting potential of the eye, in this case to record eye movements) and EMG (electro-
myogram — measurement of the electrical potential generated by muscle cells).

NREM sleep can be subdivided into 4 stages, REM sleep may be further subdivided

into two stages: phasic and tonic (Stores, 2001%).

NREM Sleep

NREM sleep accounts for 75-80% of total sleep time and is characterised by a
decrease in muscle tone, body temperature, ventilation, heart rate and blood pressure.
[t can be subdivided into four stages of increasing depth. Stage 1 NREM (tig. 1.1)
occurs at sleep onset or following arousal from another stage of sleep and represents
3-8% of the main sleep period. It is characterised by a reduction of alpha activity
(characteristic of wakefulness), and an emerging low voltage, mixed frequency EEG
pattern. The EEG shows high amplitude activity, generally in the theta range (4-
8Hz), with the presence of vertex sharp waves (50-2000ms) towards the end of stage

1. Slow rolling eye movements are seen on the EOG and EMG activity decreases

(Rama et al., 2006).
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Fig. 1.1: Stage 1 NREM sleep, note the characteristic slow rolling eye movements on
the EOG.




Stage 2 NREM accounts for 45-55% of total sleep time and usually begins after
approximately 10-12 minutes of stage 1. The characteristic EEG features of stage 2
NREM include sleep spindles and K-complexes (fig. 1.2), distinguishing features
such as these allow for relatively easy identification of stage 2. Sleep spindles have a
12-14 Hz waveform lasting at least 0.5 seconds and have a ‘spindle’ shaped
appearance. A K-complex 1s a waveform with two components, a negative wave
followed by a positive wave, neither lasting more than 0.5 seconds. Delta waves
(0.5-4.0 Hz) may also be seen on the EEG but are only present in small amounts.

EMG activity is diminished compared to wakefulness.

Fig. 1.2: Examples of K-complexes (left) and sleep spindles (right), characteristic
EEG features of stage 2 NREM sleep.

Stages 3 and 4 NREM are known as slow wave sleep (SWS), these are the deepest
levels of sleep during which awakening is particularly difficult, they are
characterized by predominately slow EEG activity. Stage 3 accounts for 4-6% of
total sléep time and 1s characterized by moderate amounts of high-amplitude, slow-
wave EEG activity. The majority of SWS sleep is compromised of stage 4 which
accounts for 12-15% of total sleep time. Stage 4 EEG is characterized by large
amounts of high-amplitude, slow-wave activity (fig. 1.3). EOG does not register eye
movements in stages 2-4 of NREM and muscle tone is decreased compared to

wakefulness or stage | NREM sleep (Rama et al., 2006).



Stage 4 (slow wave) Sleep

Fig. 1.3: Slow wave sleep (stage 4 NREM).

REM Sleep

REM sleep is physiologically very different from NREM sleep due to greater brain
metabolism and characteristic EEG, EMG and EOG activity. It is often known as
‘paradoxical sleep’ as in this state, individuals are both physiologically activated and
muscularly inactivated. REM accounts for 20-25% of total sleep time and the first
episode usually occurs 60-90 minutes after the onset of NREM sleep. EEG shows a

low voltage, mixed frequency (saw tooth) activity with slow alpha (defined as 1-2 Hz
slower than wake alpha) and theta waves (Rama et al., 2006). REM can be further
subdivided into two stages, tonic and phasic. The tonic stage is characterised by a
desynchronised EEG, atonia of skeletal muscle groups, and suppression of
monosynaptic and polysynaptic reflexes. Phasic REM is characterised by rapid eye
movements in all directions, transient swings in blood pressure, heart rate changes,

irregular respiration, tongue movements and myoclonic twitching of chin and limb
muscles (Orem, 1980; Oksenberg et al., 2001; Chokroverty, 1980).

repid ays Movements

200
(loft)

ROOCG
(right)

ERO
FpiCOs

EEOQ
Fpa/Cs

ERo
C=/Px

Fig. 1.4: REM sleep with characteristic saw tooth activity on the EEG and rapid eye

movements on the EOG.



1.1.2 Sleep Architecture

NREM and REM sleep alternate in a cyclical manner throughout the night, starting
with a period of NREM lasting about 80 minutes followed by a period of REM
lasting about 10 minutes. This ‘sleep cycle’ is then repeated 3-6 times throughout
the night, with the amount of NREM (SWS) sleep decreasing in each successive
cycle and with each period of REM typically ending in a brief awakening or
transition to light REM sleep. Typically, slow-wave sleep is prominent in the first
third of the night and REM sleep is prominent in the last third of the night (Rama et
al., 2006). In addition to the conventional sleep staging described above, there is
Increasing interest in the microstructure of sleep, particularly brief but frequent
arousals, which are observed as changes in the EEG but are not accompanied by any
clinical manifestation. Arousals such as these can occur without significant changes
to sleep time or other conventional sleep parameters but may be associated with
reduced daytime alertness (Roehrs et al., 1994). It is believed that these brief
arousals are a normal physiological aspect of sleep, but the borderline between
normal and abnormal rates of arousals is not well defined. However, high rates of
arousals are noted in certain sleep disorders such as obstructive sleep apnoea and
periodic leg movements. The term sleep fragmentation refers to the frequent
occurrence of brief arousals such as these and/or other frequent interruptions to sleep

including those involving awakenings (Stores, 1991)

1.1.3 Sleep Timing

Timing of sleep is controlled by a circadian clock in the suprachiasmatic nucleus of
the hypothalamus, light perception is the main cue for appropriate sleep timing
although social cues (such as mealtimes and social activities) and internal cues (such
as hunger or hormonal changes) are also important (Stores, 1991). The tendency to
sleep displays an ultradian pattemn in which sleepiness is greater in the early hours of
the morning and again in the early afternoon (sometimes known as the ’post-lunch’

dip). Fluctuations in performance may reflect this pattern. Level of alertness is

generally at its highest 1n the early evening, during which sleep is particularly
difficult to attain. Sleep duration decreases steadily from birth (16-18 hours)
throughout childhood to reach an average of 7-8 hours a night in young adults. SWS
and REM sleep patterns also change throughout life. SWS declines after

adolescence and continues to decline as a function of age. REM sleep decreases



from more than 50% of total sleep time at birth to 20-25% during adolescence and
middle age (Stores, 2001?).

1.1.4 Theories on Functions of Sleep

The functions of sleep are thought to be multiple, although the precise role of sleep
remains unclear is it known that persistent disturbance of sleep can lead to
psychological and sometimes physical impairment. Humans will also try relentlessly
to make up for lost sleep, and will crave sleep when it is restricted, much in the way

- that food is craved when hungry. Although humans can overcome sleepiness for
short periods, they cannot perform at high levels for sustained periods without sleep
(Siegal, 2005). Animal experiments have shown that total sleep deprivation in rats
results 1n death after 2-3 weeks following loss of temperature regulation and multiple
system failure. REM deprived rats survive for longer periods but will also ultimately
end up dying (Stores, 2001%). The fact that sleep is so fundamental to physical
survival, and that lost sleep requires making up, suggests that it serves vital
functions. Theories of sleep function can be broadly subdivided into those that
propose sleep 1s needed for the body (somatic), and those that propose sleep is

needed for the brain (neural).

Somatic theories: The fatal effects of prolonged sleep deprivation, and the
knowledge that sleep appears to have ben‘eﬁcial effects on general health support a
general ‘life-sustaining’ function for sleep. Sleep amounts may influence mortality
and morbidity and there are important interactions between sleep and the endocrine
and immune systerns. (Frank, 2006). Sleep may also be required to conserve energy
and suppress behaviour across portions of the 24 hour day. This energy conservation
may be particularly important in newborns, in whom the high ratio of surface area to
body mass makes the energy conservation theory highly adaptive (Siegal, 2005).
However, a purely somatic function for sleep does not adequately explain the
extensive neural changes that occur during sleep. In addition, there is no evidence to
show that the facilitation of anabolic processes, or endocrine or immune functions,

would require the loss of consciousness or the physiological characteristics of REM

and NREM sleep.



Neural theories (detoxification and regeneration): Neural metabolic theories
propose that sleep function is related to brain processes, perhaps by removing a toxic
by-product of wakefulness or by having some neurorestorative function. However,
there 1s little support for theories of detoxification as even in animals sleep-depnived
until death, there does not appear to be any significant brain damage or toxin build
up. Detoxification theories also fail to address the respective roles of REM and
NREM stages, given that REM is characterised by heightened EEG activity, it 1s
hard to imagine how it could counteract the effects of intense brain metabolism.
There is stronger evidence in support of neurorestorative theories. Cerebral protein
synthesis in the brain is increased during slow wave sleep, and there is evidence to
suggest sleep may have a general role in allowing or facilitating neurogenesis
(Siegal, 2005). However, a neurorestorative theory for sleep has generated some
debate and it has been argued that REM sleep does not appear to have a role in the
synthesis of molecules needed for neuronal structure or function (Frank, 2006).
Despite this, the association between NREM slow wave sleep and protein synthesis
has led to proposals that sleep in general may be involved in the upregulation of
genes that are important for neuronal membranes and other structural components.
What is not clear is the functional consequence of these sleep related changes in
structure. Another problem for neurorestorative theories is the abundance of sleep 1n
infancy, if the primary function of sleep were to replace something depleted in wake,

you would expect infants to sleep less than adults not more (Frank, 2006).

Neural Theories (learning and brain development): In contrast to the mixed
evidence dffered in support of metabolic theories, there now appears to be a
convergence of findings supporting a role for sleep in learning, neural plasticity and
brain development (Walker et al., 2002; Stickgold et al., 2000; Benington & Frank,
2003). However, there are issues that need to be resolved in order to accept a purely
cognitive theory for sleep. Firstly, the underlying mechanisms responsible for sleep-
dependent consolidation have not been identified. A second issue concemns the fact
that there is no obvious communication between learning or plasticity mechanisms
and sleep homeostasis. Finally, sleep is different in developing and adult brains and
a parsimonious theory needs to propose mechanisms common to both (Frank, 20006).

An in depth analysis of the role of sleep in learning and consolidation can be found

in section 1.3.



1.1.5 Characteristic features of sleep in children

Sleep changes across the whole life span, with the greatest change taking place
during childhood. Sleep in early childhood generally progresses towards
differentiation and organization of conventionally defined sleep states, shorter total
sleep time, less SWS and longer sleep cycles (Stores, 2001%). In the newborn, sleep
can be divided into three distinct sleep states: active sleep (REM), quiet sleep
(NREM), and indeterminate sléep (a mixture of the other two). During the first 6
months of life total sleep time decreases from around 16-17 hours a day to 13-14
hours a day, consolidation of sleep during nocturnal hours also occurs, with daytime
sleep being consolidated into discrete naps. There is also a marked reduction in
REM sleep seen during the first 6 months, this represents a redistribution of sleep
stages, which may be an important indicator of central nervous system mgtumtion
(Sheldon, 2006). After the first year of life, sleep changes become more gradual.
Between 3-5 years REM percentage gradually decreases, this is accompanied by a
gradual change to a single nocturnal sleep period, with daytime naps gradually being
phased out (Stores, 2001%). Growth and development continue through middle
childhood with sleep patterns beginning to resemble those of older people, total sleep
time in middle childhood is still approximately 2.5 hours longer than adults but sleep
architecture appears to be stable. Body movements in sleep also decrease in
frequency, and daytime napping becomes uncommon (Sheldon, 2006). Most young
adults sleep 7-8 hours a night (slightly longer at weekends) but there is considerable

variation between individuals (Stores, 2001%).

1.1.6 Methods of recording information on sleep: polysomnography

In order to provide detailed information on aspects of sleep, various methodologies
have been developed to record data on quality and quantity of sleep. The gold
standard for the measurement of sleep quality in the laboratory setting is
polysomnography (PSG), this multi-channel recording method is designed to
document a variety of physiological activities during sleep. The EEG 1s the core
measurement of PSG, the four stages of NREM sleep are distinguished from one
another principally along this dimension. The most common placements for
recording the EEG during sleep are C3 (central left), C4 (central right), O1, (occipital
left) and O2 (occipital nght) (Carskadon & Rechtshcaffen, 1989). The standard

manual (Rechtschaffen & Kales, 1968) recommends the reference of one EEG lead



to an indifferent auricularly placed electrode on the contralateral mastoid or ear lobe,
hence C3/A1 or C4/A2. Sleep staging does not require the measurement of focal
EEG activity or regional comparisons such as might be required for the EEG
assessment of other conditions (e.g. epilepsy). All the EEG waveforms required to

stage sleep are well visualised at C3 or C4, particularly with the relatively large

interelectrode distance afforded by a contralateral reference (Carskadon &
Rechtschaffen, 1989). Scoring of sleep stages can be achieved with as little as two

recording EEG electrodes, this is not generally recommended as it leaves the system
with no back-up, but it can be a useful option in patients who are anxious or

uncooperative, or in children.

Recording of EOG has two important purposes in PSG, firstly to record the phasic
bursts of rapid eye movement characteristic of REM sleep, and secondly to record
the slow rolling eye movements that are associated with sleep onset and transitions to
stage 1 occurring throughout the night. In addition, EOG can also be useful in the
detection of waking eye movements. Eye movement activity is measured by placing
surface EOG electrodes near the outer canthus of each eye (Keenan, 1992). The
recordings are based on the small electro-potential difference from the front to the
back of the eye. The cornea is positive with respect to the retina so the eyeball exists
as a potential field within a volume conductor, as such the placement of electrodes

next to the eyes allows the measurement of eye movements.

In a standard PSG recording, the EMG from muscles beneath the chin (mentalis and

submentalis) is used as a criterion for staging REM sleep. EMG electrodes are
placed under the chin (the chin muscles are used for reasons of convenience and
accessibility) and are recorded bipolarly (Carskaddon & Rechtschaffen, 1989). EMG

can also be recorded from a number of other sites to give information on other

aspects of sleep. These include the masseter muscle to record EMG associated with

bruxism, the tibialis muscles to assess the presence of periodic limb movements in

sleep, the digitorum muscle to assess REM sleep behaviour disorders, and the

intercostal muscles to measure respiratory effort (Keenan, 1992).

ECG recordings in PSG provide an important assessment of cardiac rhythms during

sleep. Although a single ECG channel cannot be expected to yield a complete



diagnostic evaluation, any significant rhythm irregularities can be detected and
correlated to other sleep variables (Murcia & Butkov, 1993). Two electrodes are

usually placed below the right clavicle and in the region of the lower left thorax.

There are a variety of approaches to monitoring respiration during sleep, and many
devices lend a qualitative approach to assessment. It is important to record both
respiratory effort and airflow to be able to categorise certain breathing abnormalities.
Information about oxygen saturation and carbon dioxide levels are also important in
order to be able to determine the severity of sleep disordered breathing. Effort of
breathing 1s generally measured by strain gauges in the thoracic and abdominal
regions, both need to be recorded in order to provide an accurate trace and to detect
paradoxical breathing. Airflow is most conveniently recorded by the use of
thermistors and thermocouples, these are heat sensitive devices that respond to
changes in temperature associated with inspiration and expiration. Oxygen
saturation 1s most commonly recorded with an oximeter, a device that measures the
amount of oxygen in the haemoglobin by means of light transmission. Oximeters are
most commonly positioned on the ear or finger. Carbon dioxide is measured in
addition to oxygen saturation in order to provide accurate assessments of gas
exchange. CO; is commonly measured using both transcutaneous electrodes and a
nasal canula to measure expired gas. Body position is often recorded as position
related apneas are well documented, position monitors are generally attached to the
chest of the patient and generate signals reflecting movement. Some patients (such
as those complaining of reflux) may also require endoesophageal pH monitoring, an

assessment of pH occurs via an oesophageal pH sensitive electrode (Keenan, 1992).

Video and microphone are also useful adjuncts to PSG, and provide information on
aspects of sleep such as snoring, sleepwalking, and REM sleep behaviour disorder.
Scoring of sleep from a polysomnogram is accomplished by trained sleep
physiologists and 1s based on the Rechtschaffen and Kales manual, a robust tool

describing the criteria for stages of normal sleep (Rechtschaffen & Kales, 1969).
Although PSG remains the gold standard for recording information on sleep, it is
expensive, time consuming, and requires a skilled technician. Other means of
recording information on sleep can include aspects of PSG, for example oximetry

can be used alone to assess gas exchange problems symptomatic of sleep apnea.

10



1.1.7 Methods of recording information on sleep: Actigraphy and subjective
measures

Actigraphy is another useful and relatively new tool in the assessment of sleep. The
term actigraphy refers to methods using miniaturised computerised wristwatch-like
devices (called actiwatches) to monitor and collect data generated by movements
(Sadeh & Acebo, 2002). A sensor in the actiwatch produces a signal that is
proportional to the g force to which it is subjected, making the signal proportional to
the movement intensity. Detected movements are translated to digital counts
accumulated across pre-determined epoch intervals (e.g. one minute), and are stored
1n an internal memory. The actiwatch can collect data continuously over extended
periods (e.g. one week or longer). Data is downloaded onto a computer and the sleep
analysis software uses algorithms to allow the automatic scoring of actigraphy
records, in order to infer periods of sleep and wakefulness (Sadeh & Acebo, 2002).
Determination of sleep and wakefulness by the algorithm uses the activity data
recorded by the actiwatch in a series of linked calculations. The algorithm looks at
each data point from each epoch and those surrounding it and makes a total score
based on these activity counts (Cambridge Neurotechnology Ltd, 2005). Various
studies have assessed the validity of actigraphy and the general conclusion is that the
epoch by epoch agreement between actigraphy and PSG is excellent for normal adult
individuals (greater than 90% agreement), and reasonably good for sleep disordered

individuals (75-85% agreement) (Sadeh et al., 1995).

In addition to the objective measures described, sleep diaries and questionnatres can
also provide useful subjective information on sleep. Various validated
questionnaires exist for the assessment of sleep, and include self-rated, partner-rated,

and parent-rated scales. Questionnaires and sleep diaries are often used alongside
more objective measures in order to provide an accurate picture of overall sleep

function, whilst also giving some insight into how sleep affects the individual.

1.2 An overview of learning and memory processes

1.2.1 What is memory?

The process of acquiring information (such as facts, experiences, actions, skills, etc.),

and modifying that knowledge over time can be considered the process of memory
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formation, expressed behaviourally as learning. Once developed the size of the
mammalian cerebral cortex is largely fixed, placing anatomical and functional
limitations on information storage (Walker, 2005). Therefore, in order for memory
to retain the ability for continued formation, the cortex must be capable of some
modifications of its central representations, ensuring salient information is prioritised
and retained. Brain plasticity is a term coined to describe the ability of the brain to
make lasting changes in neuronal properties (such as structure or function) in
response to certain stimuli. This plasticity may be evident in a number of ways such
as changes in structural organizations of cortical networks, disinhibition of circuitry,
modifications to synaptic connections, and structural remodelling of synaptic

connections (Buonomano & Merzenich, 1998).

1.2.2 Memory classifications

Human memory, and the processes that create and sustain memory cannot be
classified as a single entity. The spectrum of memory categories that exist in the

human brain is believed to be wide and diverse. Human memory has been subject to
many different classification systems, the most accepted is based on the distinction

between declarative and non-declarative memory.

Declarative memory can be broadly classified as consciously available fact based
memories, and can be subdivided into categories such as episodic memory (memory
of one’s past events) and semantic memory (memory for general knowledge, not
connected to an event) (Walker & Stickgold, 2006). Declarative memories are

usually acquired with relatively little exposure to the information, for example one or

two readings of a text or a single exposure to an event.

Nondeclarative memory is regarded as non-conscious and can be broadly subdivided
into associative and non-associative categories. Nondeclarative memory includes
procedural memory (knowing “how”, learning skills, actions etc.) and priming or
implicit learning (a passive process involving the acquisition of knowledge simply
through exposure, and normally without conscious awareness). Other types of
nondeclarative memory include classical conditioning, habituation, and sensitisation.
The basic organisation of nondeclarative memory 1s shown 1n figure 1.5.

Nondeclarative learning often requires longer periods of acquisition than declarative
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memory, and can involve repetitions of performance or repeated exposure to stimuli
(Walker, 2005).

Non-declarative memory

4/\.

Associative memory Non-associative memory

/ |\ " N\

Priming | Emotional Perceptual learning Habituation Sensitization

rning

Procedural (skills, habits, etc) Classical conditioning

Fig. 1.5: Basic organisation of nondeclarative memory

Memory systems can be distinguished not only in terms of memory type, but also in
terms of operating characteristics. Studies have suggested that declarative memory is
more flexible than non-declarative memory (Reber et al., 1996), and has access to
multiple response systems. Non-declarative memory is more encapsulated and has
reduced access to systems not involved in the initial learning (Squire & Zola, 1996).
Another distinction between declarative and non-declarative memory is that
declarative memory generally offers a greater awareness of what has been learned.
Reber & Squire (1994) showed that despite having no awareness of what has been
learnt, subjects suffering amnesia could still perform as well as healthy controls on a
non-declarative serial reaction time task. This indicates a role for declarative memory

In supporting conscious recollections, whilst non-declarative memory does not afford

any awareness of memory content.

In addition to a functional classification of memory systems, the categories of
memory can also be distinguished by the differing contribution of different brain
systems and neural processes. Some of the best evidence for distinguishing between
different kinds of memory has come from the study of amnesic patients who have
sustained bilateral damage to the medial temporal lobes or midline diencephalic
structures (e.g. Scoville & Milner, 1957; Rempel-Clower et al., 1996). These
patients are severely impaired on tests of declarative memory such as recall or
recognition of places, words, faces, and other material. However, these patients

perform as well as normal subjects on many other tests of a non-declarative nature
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1.e. skill or habit learning, priming. Evidence of this kind implies that the types of
learning and memory that are intact in amnesia, depend on different brain systems

than those damaged 1n amnesia (Squire & Zola, 1996).

Declarative Memory

Research investigating declarative memory in both animals and humans has
established a robust link between declarative memory and a system of structures in
the medial temporal lobes, including the hipppocampal formation and the adjacent
perirhinal and parahippocampal cortices (e.g. Remper-Clower et al., 1996). A wealth
of animal research has shown that ischemia or lesions to the hippocampal regions
result in significant and long lasting memory impairment (e.g. Zolamorgan & Squire,
1986; Zolamorgan et al., 1989; Bolhuis et al., 1994; Wincour et al., 2005). Case
studies of human amnesia have also demonstrated that bilateral damage to the
hippocampus results in moderately severe anterograde memory impairment. Early
case studies involving neuropsychological and neuropathological analysis were able
to show that damage limited to even a small area of the hippocampus (CAl) was
sufficient to produce moderate declarative memory impairment (Squire & Zola,
1996). As a general rule, it seems the extent of hippocampal damage is related to the
severity of the amnesia. More extensive damage involving more of the hippocampal
region and entorhinal or perirhinal cortices, leads to a greater degree of memory
impairment. Current opinion is that the medial temporal lobes are required at the
time of learning and for a lengthy period afterwards. It is proposed that during this
lengthy period, the medial temporal lobes direct consolidation in the neocortex by
binding together the multiple cortical regions that together store memory for a whole
event. As aresult of gradual changes, storage of declarative memory and its retrieval
eventually become independent of the medial temporal lobe system (Squire & Zola,
1996). A detailed discussion of declarative consolidation can be found in section

1.2.4.

Non-Declarative Memory

The brain processes and neural circuitry involved in non-declarative memory are
generally less well defined. However, a wide range of tasks have been developed to

assess the various forms of non-declarative memory, and to provide information on

the brain systems involved in non-declarative learning. For example, probabilistic
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classification tasks have been developed to promote a type of learning analogous to
habit learning. Research has shown that patients with Parkinson’s disease perform
poorly on these tasks, whilst patients with amnesia perform normally. This evidence
suggests that the neostriatum (caudate nucleus and putamen), damaged in
Parkinson’s patients, are important for the gradual, incremental learning of
associations that is characteristic of habit learning (Knowlton et al., 1996). Other
forms of non-declarative memory have also been linked to specific brain areas, e.g.
the neocortex is known to be involved in priming, the amygdala and cerebellum are
important structures for classical conditioning, and reflex pathways have been linked
to non-associative learning (Squire & Zola, 1996). Although evidence suggests that
declarative and non-declarative systems are largely independent from each other, the
demonstration of numerous double dissociations has shown that they interact in a
number of ways. In sum, together the systems form a dynamically interacting
network which yields both cooperative and competitive learning and processing,
such that memory function may be optimised (Ullman, 2004). Although there appear
to be striking separations of function among the different brain areas involved in the
two memory systems, it does not appear to be the case that all parts of each lobe
subserve only one or the other system, for example aspects of the temporal lobe have
been shown to play some role in the procedural system (Ullman, 2004). The
complex relationship between declarative and non-declarative memories, and the
wide ranging anatomical structures involved in their processing, indicates the

complexity of the combined memory systems.

1.2.3 Memory processes

Memory formation does not transpire as a single solitary event, but instead evolves
in several discrete stages. The classical theory is that memory develops over time,
eventually resulting in a more robust and permanent memory representation. The
time course of behavioural modification can also be diverse, rapid changes in

seconds or minutes can take place during or soon after an experience, while more

delayed gains can be experienced hours or days after the event (Walker, 2005; Karni
et al., 1998). The most common classification of memory process is the division of
memory into temporal processes, usually initial acquisition, followed by a
consolidation phase, and a later ability to retrieve memories. In terms of the scope of

the present research, the phases of acquisition and consolidation are most significant
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and will be discussed in detail, a brief discussion of the retrieval phase will also be

given 1n order to provide some useful context.

Acquisition

Acquisition can be defined as the initial formation or encoding of memory, usually
attained by engaging with an object or performing an action, leading to the formation
of a representation of the object or action within the brain (Walker & Stickgold,
2006). Acquisition generally involves some degree of learning, in the procedural
domain behavioural performance will often improve across an acquisition or training
session, and successful acquisition corresponds to a certain level of task proficiency.

The mechanisms involved in acquisition, and the neural changes that may be

associated, have been investigated in both animal and human models. It is presumed
that the rapid learning associated with brief training sessions or exposure to objects,
is too fast to be associated with any extensive structural changes. Instead, 1t 1s
proposed that the disinhibition of existing cortical networks may underlie the process
of acquisition. Studies in animals and humans have demonstrated early learning
involves the rapid alteration of synaptic connections. Butefisch et al. (2000) showed
that practice dependent improvements on a motor task could be mediated by drugs
that influence synaptic plasticity in the motor cortex. They suggested that the
alteration of synaptic connections, and the disinhibition of cortical networks, might
be a mechanism underlying use-dependent plasticity and early acquisition. Similar
mechanisms have also been proposed in the visual, auditory, and somatosensory
cortices (Walker, 2005). Rapid disinhibition of networks would also allow an

explanation of the functional and electrophysiological changes that are seen at

acquisition (Muller et al., 2002).

Studies have also investigated the role of brain state in the process of initial

acquisition. The majority of evidence indicates that wake is the most preferable time

for the initial encoding and performance improvement associated with acquisition.

In the procedural domain, wake provides the ability for conscious and attentive
motor output (e.g. Kami et al., 1998; Muellbacher et al., 2002; Shadmehr &

Brashers-Krug, 1997). In other domains, attentive wake allows for focused
perceptive attention to the task in hand (Joseph et al., 1997) and the ability to

perform mental repetitions of a task. It may be that this wake preference for
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acquisition has an evolutionary basis. A system where rapid gains in performance
are seen during a brief period of training would make sense, especially for a

beneficial procedure where immediate improvement may be essential for survival
(Walker, 2005).

However, there is also evidence to suggest that information provided by external
stimuli does reach the brain during sleep, although the amount of information 1s
reduced during sleep compared to wakefulness (Coenen & Drinkenburg, 2002).
Cheour et al. (2002) showed that newborn infants had the capacity to discriminate
between similar vowel sounds when they were asleep. Electrophysiological data
showed that they were able to detect a change in speech sounds throughout all stages
of sleep. Portas et al. (2000) used combined EEG and fMRI recordings to assess the
response of the adult brain to auditory stimuli across the sleep-wake cycle. They
found that auditory stimulation produced bi-lateral activation in several areas
(auditory cortex, thalamus, caudate) during both wake and non rapid eye movement
sleep (NREM) sleep. Areas that showed decreased activation during sleep compared
to wake (left parietal, bilateral prefrontal and cingulate cortices, and thalamus) are
believed to be involved in the further processing of sensory information that 1s
required for conscious perception. Coenen & Drinkenburg (2002) proposed two
factors played a crucial role in causing changes in the sleeping brain, these were
identified as the intensity and the relevance of the stimulus. Intensive stimuli, and
stimuli that are arousing or salient, appear to have a lower threshold for brain
activation when compared to neutral stimuli. In addition to the actual acquisition of
information during sleep, there is also the possibility that continued processing of
information acquired during wake, can occur during sleep. Auditory learning during
wake can be modified by presentation of similar auditory cues during sleep, and can

lead to improvement during subsequent wake (Walker, 2005).

Despite this evidence, the role of the sleep state in acquisition of information 1s

unlikely to be the main function of sleep. There would be few advantages to a vital

role for sleep in acquisition, apart from perhaps a reduction in interfering and

competing stimuli. In addition, sleep locations are usually chosen for, among other

things, the relative scarcity of sensory information. This implies that even though
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acquisition of information occurs during sleep, it is not the primary role of sleep
(Walker, 2005).

Consolidation

Consolidation is the process by which memory traces stabilise and become
invulnerable to interference. Processes of consolidation and theories surrounding

functions of consolidation are a major component feature of this thesis and as such

an in depth discussion of consolidation is provided in section 1.2.4.

Retrieval

Memory retrieval is the cognitive operation of accessing information stored 1n
memory. Retrieval takes various forms in the different memory domains, in
declarative memory retrieval may be the free recall of a list or the recognition of
pictures. In the domain of non-declarative memory, retrieval may take the form of
performance of a motor skill or action. Although memory is achieved through
multiple phases, memory retrieval is the most effective means we have of measuring
memory and can be used to assess both acquisition and consolidation. In addition,
memory retrieval is not a passive phenomenon but a dynamic process that triggers
further processing. It triggers a number of processes that can either reinforce or alter

stored information. Processing that occurs as a result of retrieval, is believed to be a
crucial prerequisite of memory extinction (Garelick & Storm, 2005). Memory
retrieval can also trigger a second memory consolidation phase (reconsolidation),

modulated by factors such as age and strength of stored memories (Suzuki et al,
2004). Although this chapter has concentrated primarily on the processes of
acquisition and consolidation (those believed to be most affected by sleep), 1t is also

important to remember that post-consolidation stages of memory processing can

occur and may be mediated by retrieval.

1.2.4 Consolidation theories

The term consolidation was first coined over one hundred years ago to describe the

reduction in fragility of a declarative memory after it’s encoding (Robertson et al.,

2004%). Through consolidation, a new, initially fragile memory is transformed into a
robust and stable memory. Experimental findings have now extended the concept of

consolidation to apply to other memory systems. For example in procedural
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memory, consolidation can describe two different behavioural phenomena, the off-
Iine improvement of skills that occurs between practice sessions (enhancement), and

the reduction in fragility of a memory after the acquisition of a novel skill
(stabilization) (Robertson et al., 2004%).

Declarative Memory

Consolidation of memory in the declarative domain refers to the process by which
memories become invulnerable to interference (Walker, 2005). Structures situated in
the medial temporal lobes are known to be central to the formation of declarative
memory. However, studies of amnesic patients with damage to the medial temporal
lobes show that though recent memories are impaired, remote memories remain
Intact (e.g. Rempel-Clower et al., 1996; Takashima et al., 2006). This demonstrates
that the role of the medial temporal structures is temporary, and once consolidation
has occurred the hippocampal neurons are no longer required to retain or retrieve the
memory. The medial temporal lobes are involved in the initial stages of memory
formation and are also involved in the process of consolidation, after which
memories become established in other areas of the brain and become independent of
the medial temporal lobes (Alvarez & Squire, 1994; Paller, 1997). The hippocampus
1s able to encode the sequences of traces that constitute declarative memory, they are
linked together in an organisation that underlies the ability to make inferential
associations across different experiences. Interactions between the various
components of this system are critical and may underlie the associations leading to
the eventual permanent storage of declarative memories in the neocortical areas of
the brain (Eichenbaum, 2000). This pattern of associations has been conceptualised
as a system-level or cross-cortical consolidation, a process resulting in a shift from
the hippocampus towards distributed neocortical traces (Takashima et al., 2006;
Paller & Voss, 2004). The time course of this cross-cortical consolidation 1s poorly
defined, retrospective lesions and functional neuroimaging studies have estimated
upper limits of up to several decades, whilst other studies suggest upper estimates of
a few weeks. It remains to be determined whether these findings are related to a
similar set of processes supporting memory consolidation or whether they are related

to separate operations acting on greatly differing time scales (Takashima et al.,

2006).
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Paller & Voss (2004) have suggested that the time frame of cross-cortical
consolidation may depend on the extent to which a memory is retrieved and
assoclated with other stored information. They proposed the nature and frequency of
memory access during the time period from acquisition to retrieval was an important
determinant of consolidation, and that connections to related information could
enrich the memory trace and provide additional routes for retrieval. Behavioural
studies in humans have also shown that consolidation can be observed on a short

time scale such as a night of sleep (e.g. Gais & Born, 2004), this suggests that cross-

cortical reorganization can occur across a range of time periods.

Despite several studies demonstrating the existence of cross-cortical consolidation in
declarative memory, little is known about systems and cellular level processes
mediating this consolidation (McGaugh, 2000). However, recent studies have begun
to 1nvestigate the mechanisms involved in the shift from hippocampal storage to a
more permanent location, and have begun to provide glimpses of the molecular and
cellular processes underlying cortical memory consolidation (e.g. Wiltgen et al.,
2004). This provides the first suggestion that the mechanisms of cross-cortical

consolidation may soon be uncovered, and our understanding of declarative memory

consolidation can be further advanced.

Procedural memory

For procedural memories, consolidation can describe at least two behavioural stages.
The first is the stabilization of memory associated with a reduction in the fragility of
an acquired memory. The second is the off-line improvement or enhancement that

occurs in the absence of further training. These types of consolidation are not
mutually exclusive, and may even be complementary. However, the behavioural

properties and the criteria that must be satisfied to demonstrate their existence differ

(Robertson et al., 2004").

Consolidation based stabilisation is the conversion of a memory representation from
an initially labile state to a more stable form, allowing information to be retained
after a set period of time. Representations become more resistant to disrupting or
competing factors, but the process is one of maintenance only, and does not result in

any increase in performance over and above that accomplished during acquisition
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(Walker, 2005). Several studies have indicated that procedural learning is preserved,
without decrement, across time periods with no interfering stimuli (Stickgold et al.,
2000, Walker et al., 2002). However, a more reliable way to assess stabilisation is to
investigate the effect of interference, that is the exposure to a second task between
testing and recall on an original task. Muellbacher et al. (2002) used transcranial
magnetic stimulation applied to the primary motor cortex to promote interference
after acquisition of a motor skill task. They showed that interference reduced
performance back to pre-training values, while controls without interference showed
maintenance of performance over the same time period. Shadmehr & Brashers-
Krug (1997) went on to show that stabilisation on a motor task was disrupted by
subsequent interference from a second task. They also showed that stabilisation was
associated with significant patterns of regional brain activation, suggesting that the
passage of time after skill acquisition is associated with a change in the neural
representation of the skill. A previous study demonstrated that it was the first 4
hours that represented a crucial period during which interference could occur from
similar motor skills, and that after this motor memory was relatively impervious to
interference (Brashers-Krug et al., 1996). Interference between tasks appears to be a
key behavioural feature of consolidation based stabilisation, however it should be
pointed out that different forms of procedural skill may differ in the extent to which
they demonstrate stabilisation, and that some components of a skill may require

stabilisation and some might not.

Consolidation based enhancement implies that additional learning on a procedural
task occurs in the absence of further rehearsal or experience. This process 1s
believed to involve both a replay of past events, and a reorganization of the
representation in the brain. As discussed above, Shadmehr & Brashers-Krug (1997)
showed that consolidation based stabilisation was susceptible to initial interference
after first acquisition, and that a temporal distance of over 4 hours was required to

prevent impairment caused by interference. They also demonstrated that human

brains had the ability to retain the consolidated memory for up to 5 months post-
training. A separate group of participants were not subjected to interference tasks,
and were simply retested 24 hours after initial acquisition. Following this

intervening time period, participants now displayed additional learning relative to

initial training, rather than simply maintaining performance levels.
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Many procedural skills have now been shown to demonstrate a degree of off-line
learning or enhancement, these include finger skills (Karni et al., 1998; Fischer et al.,
2002; Walker et al., 2002), visual discrimination skills (Stickgold et al., 2000) and
serial reaction times (Robertson et al., 2004°). However, there are two categories of
procedural skill that have failed to show off-line learning: kinematic adaptation and
dynamic adaptation. Although these types of skill appear to show a degree of
consolidation based stabilisation, there is no evidence that performance shows any

degree of off-line improvement over time (Krakauer et al., 1999; Donchin et al.,

2002).

The combined evidence demonstrates that the improvement of skill without practice,
termed off-line learning, is a robust finding across many procedural tasks. Whether
off-line learning should be regarded as a general feature of procedural learning 1s less
certain. Some procedural tasks have failed to demonstrate a capacity for off-line
learning, and others have yet to be tested for an off-line learning capacity (Robertson
et al., 2004%). Nevertheless, the rules that guide off-line learning and the potential
involvement of different brain states such as sleep and wake have generated much
research interest, and have lead to a large body of evidence linking the sleep state to

consolidation based enhancement and off-line learning.

1.3 Processes of learning and memory: The role of sleep

1.3.1 Procedural learning and sleep

Improvement on a motor skill task is known to continue for some time after initial
training and has been identified as consolidation based enhancement (Korman et al,,
2003; Karni et al., 1998). Gains in both speed and accuracy have been recorded up
to 3 weeks after initial training on a motor sequence. Participants trained on a finger
to thumb opposition sequence showed that improvement was specific to the trained

hand, with no significant transfer to the untrained hand. In addition, the effects of

training on a sequence did not generalise to the performance of a similar (but
untrained) control sequence (Kami et al., 1998). Improvements in performance are
greatest after the first 24 hours post-training, it is important to note that whilst

practice during an initial training sesston leads to improvements in speed and
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accuracy, significant additional gains are also apparent after an Intervening 24 hour
session where no training has occurred. These time-dependent performance gains,
that continue is the absence of further training, can be assumed to represent ongoing
changes in the brain. However, the time course of this improvement is insufficient to
confirm whether the speed and accuracy gains are simply a factor of passing time, or

whether they are dependent on a specific brain state, that of either wake or sleep, or

on a particular stage of sleep (Walker et al., 2002).

In an attempt to investigate the hypothesis that sleep is the crucial factor in skill
improvement, Walker et al. (2002) designed a study that trained and subsequently
retested subjects on a keyboard finger tapping motor skill task. Subjects were trained
and then re-tested after a 12 hour period containing normal sleep, and after a 12 hour
period awake. Testing schedule was counterbalanced between subjects so half were
tested after sleep first, and half after wake first. They found a night of sleep resulted
1n a 20% increase in motor speed, without loss of accuracy, whilst an equivalent
period of time awake provided no benefit. Sleep dependent improvement was

independent of testing schedule (i.e. whether they were tested after sleep or wake

first) and did not generalise to similar sequences performed in a different order.

Subjects also spent the night in a sleep laboratory so that overnight motor skill

improvement could be correlated with sleep stage recordings. A significant positive
correlation was found between percentage of overnight motor skill improvement and

the percentage of stage 2 NREM sleep, particularly late in the might (Walker et al,,
2002).

Fischer et al. (2002) used a similar paradigm and also found that improvements in

finger motor skills were distinctly greater and more consistent over retention periods

of sleep than of wakefulness. They adopted a finger thumb opposition task and
showed a 33.5% increase in speed of performance dependent on sleep after practice.

They also found that overnight improvements correlated with amount of time in

REM sleep, this is at odds with the Walker et al. (2002) finding which showed sleep
dependent improvement to be correlated with stage 2 NREM sleep. This

discrepancy is essentially unresolved but may indicate that novel tasks (i.e. finger-

thumb oppositions) require more REM sleep than tasks which are essentially
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variations on well learned skills (i.e. keyboard finger tapping), which in turn require
NREM sleep (Walker et al., 2006).

Other forms of procedural based learming have also been found to benefit from sleep
dependent improvements. Stickgold et al., (2000) found that improvement on a
computer based visual discrimination task was only observed when subjects obtained
at least 6 hours of post-training sleep prior to retesting, and improvement was
proportional to the amount of sleep in excess of 6 hours. For subjects averaging 8
hours of post-training sleep, improvement was proportional to the amount of slow
wave sleep in the first quarter of the night, as well as the amount of REM 1n the last
quarter (Stickgold et al., 2000). These findings provide further conflicting evidence
regarding the stages of sleep that are required for overnight improvements on a
procedural task. It may be the case that in addition to the effects of novel vs. well
learned tasks, the nature of the task performed (i.e. visual discrimination vs. motor

skill) is also important in terms of sleep stage requirements.

Smith and MacNeill (1994) have shown that selective sleep deprivation can impair
retention of a rotary pursuit motor task, this memory decrement has been shown to
result specifically from the loss of stage 2 NREM sleep, again providing support for
the role of NREM sleep in procedural learning. They also suggested that the
mechanisms of sleep-dependent learning are dissociable from those governing the
initial practice dependent learning during acquisition, as well as from the subsequent
stabilisation of the memory during initial waking episodes. Cohen et al. (2005)
offered further evidence that different aspects of the procedural task are processed
separately during consolidation. They used a serial reaction time task that was
designed to dissociate goal and movement based skill improvements. They showed
that only the movement sequence was enhanced during the day, whereas the goal
intention was enhanced over sleep. Further attempts to disentangle the various

components of sleep-dependent procedural learning have investigated the time

course of motor skill learning. It has been shown that increasing the amount of
initial practice on a motor skill does not lead to increased overnight gains, and the
degree of practice dependent learning achieved during training does not correlate

with the degree of sleep-dependent learming. It has also been shown that practice-

dependent improvement will only occur before, but not following, the larger sleep-
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dependent improvements that develop across a night asleep (Walker et al., 2003).
This provides further evidence that consolidation cannot be considered as a single
process, and may be composed of a number of discrete stages, possibly involving

unique contributions of different brain states.

The way in which memories are acquired may also be an important consideration
when investigating the role of sleep in consolidation. There 1s evidence to suggest
that whilst skills that are acquired intentionally (explicit learning) are sleep-
dependent, skills that are acquired unintentionally (implicit learning) may not require
sleep for consolidation. Robertson et al. (2004") found that sleep dependent

improvement was limited to explicit encoding of a sequence learning task. In the

implicit task, consolidation occurred regardless of whether the intervening time
period contained sleep or wake. They showed that these improvements were not
attributable to practice available within each session, and therefore that sufficient

time post training was necessary for off-line learning to occur.

However, a study by Huber et al. (2004) found a sleep dependent increase in
performance on an implicit motor task involving rotation adaptation, they found that
delayed learning was observed exclusively across a night of sleep, and not across
equivalent periods awake. In addition, through the use of high density EEG
recordings early in the night, they were able to show that performance gains were
correlated with an increase in NREM slow wave activity over the parietal cortex
(Huber at al., 2004). The apparent discrepancies between studies investigating
effects of sleep on implicit and explicit tasks have yet to be resolved but it may be
the case that the distinction between implicit and explicit procedural learning needs
to be further clarified in order to correctly assign tasks and to understand their

relationship to sleep. Terms such as implicit and explicit are useful in their

simplicity but may not satisfactorily reflect task characteristics and may not represent

the most appropriate classification in this instance.

Kuriyama et al. (2004) investigated whether procedural task characteristics
(particularly task difficulty) were important for predicting sleep dependent

improvement. Subjects were trained and subsequently tested on finger tapping

sequences that varied in difficulty, namely sequence length, and unimanual or
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bimanual performance. They reported that the subjects showing the greatest
overnight improvement were those performing the more difficult sequences,
indicating that the sleep dependent learning process selectively provides maximum
benefit to the most difficult motor skill procedures (Kuriyama et al., 2004). It may
be the case that task difficulty, rather than the implicit or explicit nature of the task,

1s the crucial factor for predicting overnight improvement in performance of a motor
skall.

This combined evidence supports the notion that sleep dependent learning occurs
across a range of procedural learning tasks. The studies outlined indicate that a night
of sleep triggers delayed learning, without the need for further training. The
contribution of different sleep states to sleep-dependent learning is less clear, there
are suggestions of a contribution of both REM and stage 2 NREM to the process of
overnight consolidation. This may suggest different brain states contribute
differentially to the consolidation of subtly different memory types, and may suggest
that different and distinct mechanisms are involved in the offline learning of

procedural skills. Whatever the subtleties, it is now a robust finding that sleep 1s

vital for the consolidation of procedural skill.

1.3.2 Declarative memory and sleep
Evidence for the involvement of sleep in declarative memory has until now been

inconclusive. Although sleep has long been known to sustain declarative memories
more effectively than daytime wake, this effect has usually been attributed to the
absence of destructive interference that weakens memories whilst awake, rather than
to active processes driven by sleep (Stickgold, 2005). Methodological difficulties

also arise when investigating declarative memory, as such memories do not usually
show an improvement over time. Studies have been forced to measure a balance
between stabilisation and enhancement, and interference and passive loss. Some
studies have also attempted to correlate sleep stages with declarative memory and to

isolate neurophysiological characteristics that may be involved in declarative

memory processing.

Early studies offer mixed conclusions. Human studies cited no relationship between

sleep and memory when a simple memorization task was used, but did find a sleep-
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memory effect when utilizing more complex cognitive tasks. Animal studies
indicated that post-training REM sleep may be important for learnin g and memory
(Smuth, 2001). Research now shows that the type of memory task used in these
studies 1s very important, and more sophisticated experimental paradigms have been
designed to investigate the role of sleep in declarative memory. One of the most
popular declarative learning tasks now used is verbal paired associates, this appears
to be sensitive to the effects of sleep and its specific stages. Benson & Fienberg
(1977) showed that subjects who had a night of sleep after learning a verbal paired
assoclates task, performed better the next day than participants who had been awake
for an equal amount of time. Gais & Born (2004) also showed performance on a
paired associates task improved after sleep when using related word pairs such as
dog-bone, rather than unrelated word pairs such as dog-flower. It seems that the role

of sleep in declarative memory is not absolute, and depends on more subtle aspects

of the task.

The emotional impact of declarative memories has also been shown to have an
impact on level of consolidation. Hu et al. (2006) have recently demonstrated that
memories with higher emotional impact lead to a greater overnight enhancement of
memory accuracy than neutral memories. Subjects were trained and subsequently
retested on the recognition of emotional arousing and neutral pictures. They showed
a sleep dependent enhancement of recognition accuracy, and an enhancement of
memory bias, but only related to the emotional pictures. Whilst studies such as this
provide evidence for the role of sleep in declarative memory, they cannot establish
which state of sleep is most beneficial. Plihal & Born (1999) used an early/late night
design to determine which sleep states were important for spatial memory. They
trained subjects on a spatial rotation task (a form declarative memory task) and tested
recall after either early sleep (dominated by NREM slow wave sleep), or late sleep
(dominated by REM). Recall of spatial memory was greater after early sleep than
late sleep, and also after equivalent periods awake. Similarly, Drosopoulos et al.
(2005) were able to show early sleep is important for recognition memory. They
trained subjects on a task used to assess both explicit (recollection) and implicit
(familiarity) recognition memories. They found sleep enhanced explicit memory, but
not implicit memory, when compared with wakefulness. Explicit memory was

particularly enhanced by early sleep, dominated by slow wave NREM sleep. These
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findings concur with earlier work investigating the role of specific sleep stages and
declarative learning (Yaroush et al., 1971; Fowler et al., 1973; Barrett & Ekstrand,
1972), and suggest that NREM sleep is particularly important for the consolidation

of declarative learning.

Schabus et al. (2004) went on to further investigate the role of slow wave NREM
sleep in declarative memory. They trained subjects on a word pair associates task
and recorded sleep spindles (electrophysiological characteristic of stage 2 NREM
sleep) during subsequent sleep. They found that the number of words recalled was
correlated with increased sleep spindle activity. This finding has been replicated and
extended to include other verbal declarative tasks such as face-name association, and
visual recognition (Gais et al., 2002; Clemens et al., 2005). A recent study by
Marshall et al. (2006) has also shown that artificial induction of slow oscillations,
leading to increased slow wave sleep and sleep spindle activity in the frontal cortex,

enhances hippocampus-dependent declarative memories. The combined evidence
seems to suggest a robust link between NREM sleep, particularly sleep spindle

activity, and verbal declarative memory consolidation.

Conversely, other studies have proposed a role for REM sleep in certain types of
declarative memory. Wagner et al. (2001) compared memory retention of emotional
versus neutral text material, over a night of sleep. They found that late sleep
dominated by REM particularly enhanced emotional memory when compared with
early sleep (dominated by NREM). They proposed the role of REM was specific to

memory with emotional context as REM sleep is known to lead to a selective
activation of the amygdala, known to play a decisive role in the processing of

emotional memory.

Other studies have attempted to investigate the role of specific brain areas and
neurochemicals in sleep dependent declarative learning. Peigneux et al. (2004)
trained subjects on a spatial learning task and used cerebral blood flow measures to
assess related hippocampal activity. They found that hippocampal areas activated
during spatial learning (route learning in a virtual town) were re-activated during
subsequent SWS. Hippocampal activity during SWS also correlated with

improvement of performance in route retrieval the next day. Animal studies have
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also shown a reactivation of rat hippocampal cells in slow wave sleep following
spatial behavioural tasks (Wilson & McNaughton, 1994). Gais & Born (2004)
suggested that low hippocampal levels of the neurotransmitter acetylcholine, are
required for the replay of new memories during SWS, and subsequent memory
consolidation. They showed that declarative memory consolidation could be blocked
by increasing acetylcholine levels during slow wave sleep, proposing low cholinergic
tone during SWS is essential for declarative memory consolidation. This combined
evidence indicates that hippocampal activity during SWS is essential for the offline
processing of recent memory traces, and may lead to the plastic changes underlying

the subsequent improvement in performance.

1.3.3 Sleep related neural changes/brain plasticity and memory

Whilst the behavioural characteristics of sleep dependent learning have become
increasingly well defined, the underlying neural changes that accompany this

learning remain less clear. Memory formation depends on brain plasticity, lasting

structural and/or functional neural changes in response to stimuli (Walker &
Stickgold, 2006). Sleep has been implicated in the plastic cerebral changes that
underlie learning and memory in the adult brain, and are behaviourally expressed as
the consolidation of learning. The conventional view is that sleep is primarily
involved in the processing of memory traces, leading to a consolidation where traces
may be “reactivated, analysed and gradually incorporated into long term memory”
(Maquet, 2001). There is to date a mounting wealth of evidence describing sleep
dependent brain plasticity at a variety of levels in both animals and humans,
complementing evidence of sleep dependent changes in behaviour (Walker &
Stickgold, 2004). Animal studies have shown that hippocampal neuronal assemblies
are reactivated during post-training sleep, reflecting behavioural experience and

indicating a role in memory processing (Louie et al., 2001; Nadasdy et al., 1999;
Hennevin et al., 1995). In humans Maquet et al. (2000) demonstrated that waking

experiences can influence regional brain activity during subsequent sleep. They
demonstrated that subjects trained on a serial reaction task had significantly greater
levels of activity in several brain areas during REM sleep than non-trained subjects.
Amounts of REM sleep have also been shown to increase in a night of sleep

following training in several experimental paradigms (Maquet, 2001). It has also
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been shown that sleep deprivation can damage post-training performance of a

learned task in animals (Hennevin et al., 1995) and humans (Maquet, 2001).

Electrophysiological data have also provided evidence that sleep is fundamentally
linked to the learning process. Theta waves, seen in the hippocampus during sleep,
have been shown to facilitate the induction of hippocampal long term potentiation
(LTP) (Cantero et al., 2003), believed to be a mediator of memory formation (Walker
& Stickgold, 2004). There is also evidence to suggest that sleep spindles,
commonly seen during stage 2 NREM sleep, can provide brief trains of depolarizing
inputs to targets in the neocortex that are similar to inputs often used experimentally
to induce long term synaptic potentiation (Walker & Stickgold, 2004). Phasic events
during REM sleep, particularly ponto-geniculo-occipital (PGO) waves, have also
been associated with learning. It has been suggested that this REM-PGO stimulation
may serve as an endogenous mediator of synaptic plasticity (Walker & Stickgold,
2004).

Whilst important, these results do not provide definitive evidence for the
Involvement of sleep in leaming processes. Several studies have attempted to
correlate plastic brain changes in humans to sleep dependent learning. Maquet et al,,
(2003) trained subjects on a procedural visuomotor pursuit task, three days later they
were retested with functional magnetic resonance imaging (fMRI). Half of the
subjects were sleep deprived the night following training, and half were allowed to
sleep normally. The subjects who slept normally showed enhanced behavioural
performance after three days, they also showed a selective increase in activation in
the superior temporal sulcus that was not seen in the sleep deprived subjects.
Peigneux et al. (2003) trained subjects on a serial reaction time task (SRT),
manipulated to include either random sequences or implicitly leamable probabilistic
sequences. They showed the level of acquisition of probabilistic rules in the SRT
attained prior to sleep was correlated with an increase in regional cerebral blood flow
during REM. This suggests the post-training cerebral reactivation 1s modulated by
the strength of the memory traces developed during the learning episode. This

evidence provides support for a link between behavioural performance and cerebral

changes during sleep.
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Walker et al. (2005) investigated plastic brain changes associated with sleep
dependent learning by means of fMRI following sequence leaming. They trained
subjects on a finger tapping task and retested them during fMRI scanning either after
a day awake of after a night asleep. Imaging showed that following sleep relative to
wake, regions of increased activity were seen in the right primary motor cortex,
medial prefrontal lobe, hippocampus, and left cerebellum. These changes can be
interpreted as supporting faster motor output and more precise mapping of the finger
tapping sequence. Regions of decreased activation were expressed in the parietal
cortices, the left insular cortex, temporal pole and fronto-polar region, perhaps
reflecting a decreased need for conscious spatial monitoring and a reduced emotional
task burden (Walker et al., 2005). These findings show that sleep-dependent motor
learning is associated with systems level changes in neural representations, offering
further support to the idea that sleep presents a unique brain state, crucial for the

changes in representation required for motor learning.

In the field of declarative learning, Molle et al. (2004) were able to show that
learning is linked to increased encephalographic (EEG) coherence in subsequent

sleep. EEG coherence was measured during performance on a declarative learning

task (word-pair associates) and subsequent sleep. When compared with a non-
learning control condition, learning performance was associated with an increase in
coherence in several slow oscillation EEG frequency bands. This evidence suggests
that slow oscillations in humans are particularly relevant for a reprocessing of
declarative memories during sleep (Molle et al., 2004). This evidence of sleep-
dependent plasticity complements evidence of sleep-dependent changes in

behaviour. This provides support for the idea that sleep is a critical mediator of

memory consolidation.

1.4 Clinical aspects: An overview of sleep disorders and sleep disordered

breathing

A brief overview of the main aspects of sleep in healthy humans has been presented,
alongside evidence for a vital role for sleep in processes of leaming and memory.
Although the majority of the population is able to maintain a healthy quality and

quantity of sleep throughout life, alterations to sleep resulting in disturbed sleep
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patterns, disrupted sleep architecture, and problems with aspects of attaining or
maintaining sleep are not uncommon. Problems with maintaining appropriate sleep
patterns can also be related to problems in other areas of functioning and may lead to
associated clinical complications. The study of clinical sleep disorders is therefore
vital in the field of sleep research, and may help provide clues as to the functions of

sleep.

1.4.1 Classification of sleep disorders

The sleep disorders are a group of conditions characterized by difficulties related to
sleep, including difficulty falling asleep or maintaining sleep, falling asleep at
Inappropriate times, excessive total sleep time, or abnormal behaviours associated
with sleep. Sleep disorders can be classified into four main categories defined by the
International Classification of Sleep Disorders (ICSD). The first category,
dysomnias, concerns disorders resulting in difficulty initiating or maintaining sleep,
or excessive sleepiness. Dysomnias can be further sub-divided into three groups,
intrinsic sleep disorders (e.g. obstructive sleep apnoea — see below), extrinsic sleep
disorders, and circadian rhythm disorders. The second category constitutes
parasomnias, these are disorders that intrude into the sleep process and are not
primarily disorders of sleep and wake states per se. These disorders are

manifestations of central nervous system activation. They are divided into four

groups; arousal disorders, sleep-wake transition disorders, REM related parasomnias,
and other parasomnias. The third category is sleep disorders associated with mental,
neurologic, or other medical disorders. Disorders in this category are not primary
sleep disorders but rather are other mental, neurological, or medical disorders in
which either sleep disturbance or excessive sleepiness are a major feature. The final

category is proposed sleep disorders, these are disorders for which there 1s

insufficient information available to confirm the existence of the disorder (AASM,
2001). The primary sleep disorder featuring in this thesis (chapter 3) is sleep

disordered breathing and as such is the only primary disorder described 1n detail.

1.4.2 Childhood sleep disordered breathing (SDB) and obstructive sleep apnoea

(OSA)
Sleep disordered breathing (SDB) describes a sub-group of intrinsic sleep disorders

characterised by abnormalities of respiratory pattern or quality of ventilation during
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sleep. In children, SDB ranges from relatively benign primary snoring, through
upper airway resistance syndrome, to obstructive sleep apnoea (OSA). In all these
categories the primary symptom 1s habitual snoring (i.e. snoring on most nights)
(Urschitz, 2003). Questionnaire studies have revealed that snoring is relatively
common in childhood, with approximately 10% of primary school children being
affected. (Ali et al., 1993; Ali et al., 1994; Anuntaseree et al., 2001; Urschitz, 2003).

OSA is less common, the prevalence is estimated at about 2% of children and

although it occurs in all age groups it is commonest in preschoolers. (Gislason &
Benediktsdottir, 1995; Brunetti et al., 2001; Bandla & Marcus, 2006). The
distribution of OSA is approximately equal between the sexes, in contrast to adults

where males are more commonly affected (Bandla & Marcus, 2000).

OSA results from recurrent episodes of partial or complete collapse of the
pharyngeal airway during sleep, and results in the disruption of normal ventilation
and sleep patterns. The cause and mechanisms are multifactorial but commonly
result from the combination of a structurally vulnerable upper airway combined with
a sleep related loss of muscle tone (Woodson, 2006). Most children with OSA have
some degree of upper airway narrowing as a result of either one or a combination of
adenotonsillar hypertrophy (enlargement of the tonsils or adenoids), craniofacial
abnormalities, or excess adipose tissue due to obesity (Bandla & Marcus, 2006). In
otherwise healthy children, adenotonsillectomy (a surgical intervention involving
removal of the adenoids and tonsils) usually leads to a resolution of symptoms,

suggesting that adenotonsillar hypertrophy is a major factor in childhood OSA (Suen
et al., 1995). The clinical features of childhood OSA include nocturnal symptoms

such as snoring, laboured breathing, paradoxical respiratory effort, observed apnoea,
restlessness, sweating, unusual sleep positions, and secondary enuresis. The daytime
symptoms include mouth breathing, frequent upper respiratory tract infections,

excessive daytime somnolence, moming headaches, fatigue, hyperactivity,

agoression, and social withdrawal. Children with OSA are usually of normal height
and weight but obesity has been increasingly recognised as a risk factor.
Adenotonsillar hypertrophy is a common physical finding in children with OSA
although its absence does not exclude the diagnosis (Bandla & Marcus, 2000).

Chronic untreated OSA can result in serious comorbidities as a result of hypoxia,

acidosis and sleep disturbance. Complications include growth impairment,
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pulmonary hypertension, cor pulmonale, and heart failure, treatment of OSA is often
etfective in reversing the effects of complications such as these (Bandla & Marcus
2006). Neurocognitive deficits, learning problems, and behavioural problems have
also been noted in children with untreated OSA and are discussed in detail in section
1.4.3.

The gold standard for diagnosing OSA 1is full polysomnography. Without the
appropriate respiratory measurements used in PSG it may be impossible to
differentiate between primary snoring and OSA. Although there are no set
diagnostic criteria for the polysomnographic diagnosis of OSA, there is a general
agreement amongst clinicians as to what is considered normal in terms of the various
sleep and respiratory parameters. Obstructive events are uncommon in the normal
population and would be expected to occur < 0.3 — 0.7 per hour slept. A mean
oxygen saturation of 97.5% has been recorded in healthy children, with a nadir of >

94% with obstructions. Normal CO; levels are < 4SmmHg, with a CO, peak at
around 51mmHg, in most children the time spent with CO; > 50mmHg is 0.03%. A

normal arousal index would show up to 10 arousals per hour slept, although
respiratory arousals are usually < 1 per hour slept. These guidelines are used by

polysomnographists to help identify children with significant obstructive problems or

fragmented sleep.

Although full-blown OSA only occurs in around 2% of children, the spectrum of
sleep related breathing disorders is broad and many children not fulfilling the criteria
for full OSA still suffer clinically relevant upper airway obstruction. Lesser
symptoms and milder respiratory disturbance may not lead to the gas exchange
problems associated with OSA, but may still have a significant effect on sleep

quality, arousals, and daytime sleepiness.

1.4.3 Sleep disordered breathing and cognitive impairment
The consequences of OSA are multiple, in adults OSA has been associated with

systemic and pulmonary hypertension, cardiovascular and cerebrovascular disease,
arrhythmias, and hormonal abnormalities. In children cardiovascular alterations,
hormonal abnormalities, and growth impairment have been noted (Beebe et al.,

2004). However, many of the most functionally disruptive effects are
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neuropsychological rather than medical. In adults, OSA has long been associated
with excessive daytime sleepiness, this in i1tself has been shown to have a marked
impact upon executive functioning and has been linked to decreased attention and
vigilance. A meta-analysis investigating the effects of sleep-related breathing
disorders (SRBD) in adults found impairments in many areas of functioning

including memory, vigilance, attention, and driving simulation performance (Fulda

& Schultz, 2001).

Amongst children, snoring, a common but non-specific symptom of OSA has been
linked to a range of cognitive difficulties including hyperactivity, attentional
difficulties, poor academic performance and aggressiveness (Ali et al., 1993, Chervin
et al., 2003, Gottlieb et al., 2003, Urschitz, 2003). Associations have also been found
between snoring and daytime sleepiness, Gozal et al. (2001) found shortened sleep
latencies in association with OSA, and evidence of excessive daytime sleepiness

among more severe and/or obese patients. Theories have suggested daytime

sleepiness is an important predictor of daytime behaviour problems and cognitive
impairments (Chervin et al., 2003). There is also increasing evidence that OSA 1n
children is associated with reduced neurocognitive performance and increased
problematic behaviour. A review by Blunden et al. (2001) summarized the literature
available and found deficits in many areas, particularly the interrelated domains of
attentional capacity, memory and intelligence (including learning and school
performance). In terms of attention, it was found that children with OSA are less
reflective, more impulsive, and show poorer sustained and selective attention (e.g.
Blunden et al., 2000; Owens-Stively et al., 1997; Ali et al., 1996). Memory studies
in this area are more limited but have reported that children with OSA show
signiﬁcﬂantly reduced memory capacity when compared to controls, it has also been
found that the severity of OSA is associated with the degree of impairment (Blunden
et al., 2000; Rhodes et al., 1995). Due to the relatively small number of studies,

findings are suggestive but not conclusive of reduced memory performance.

Studies of intelligence are again relatively few, but have shown significantly reduced

IQ scores in school age children with OSA (Blunden et al., 2000; Rhodes et al.,
1995). Conversely, other studies have indicated that IQ is not impaired in OSA
(Owens-Stively et al., 1997), it may be the case that the negative effects related to

35



OSA are more selective in nature and an assessment of specific areas (e.g. verbal 1Q)
may be required. Several studies have shown that children with OSA show reduced
academic performance and learning, it has also been reported that children who are
poor academic achievers show a higher prevalence of sleep related breathing
problems. Data has also suggested that OSA and sleep disordered breathing in early
childhood may continue to adversely affect leaming in later years (e.g. Richards et

al., 2000; Guilleminault et al., 1976; Stradling et al., 1990; Gozal & Pope, 2001).

In addition to the wealth of evidence demonstrating extensive cognitive deficits
related to OSA, there have also been many studies linking OSA to behavioural
problems including hyperactivity, aggression, impulsivity, anxiety, shyness and
withdrawn behaviour (Blunden et al., 2001). However, a significant finding that 1s
perhaps not fully appreciated is that treatment for childhood OSA can significantly
improve both cognitive performance and behaviour. Guilleminault et al. (1982)

found that 8 out of 10 children requiring special educational assistance were able to

return to mainstream schooling after treatment for OSA (adenoidectomy and/or
tonsillectomy). A study by Glaze et al. (2002) found that the severity of a child’s
OSA was correlated with measures of intelligence, memory, academic performance,
attention/impulsivity, and adaptive behaviour. After treatment with tonsillectomy or
adenoidectomy, improvements were seen in behaviour, quality of life, and cognitive
function. However, cognitive improvements were only partial in contrast to the
larger improvements seen in behaviour. Gozal (1998) found that a sample of
children with poor academic achievement showed improved grades after treatment
with adenotonsillectomy. A similar study by Montgomery-Downs (2005) showed

improved cognitive scores after treatment for OSA. These findings have been

replicated across a number of studies, providing robust evidence that OSA treatment

leads to an improvement in cognitive function (e.g. Stradling et al., 1990; Ali et al,

1996; Goldstein et al., 2000).

These findings confirm that OSA and sleep related breathing difficulties in children

are linked to a significant cognitive impairment, apparent across multiple domains.
This cognitive impairment appears to have some degree of reversibility, and
treatment of the OSA usually results in some improvement in cognitive function.

However, it remains unclear which underlying patho-physiological mechanisms of
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OSA are responsible for this reversible impairment. In adults, the most commonly
proposed model suggests that hypoxaemia and sleep fragmentation are the most
important factors (Blunden et al., 2001). However, in children these factors are
usually less severe and evidence for the relative impact of each is not as conclusive.
Adenotonsillectomy in children typically results in decreased sleep arousals,
normalisation of sleep and marked improvements in respiratory indices. Evidence
suggests that sleep fragmentation and abnormal blood-gas exchange associated with
OSA may induce substantial alterations in brain function, and more specifically may
affect the prefrontal cortex. It is suggested that this may lead to the impairment in

cognitive functioning associated with childhood OSA (Montgomery-Downs et al.,
2005).

The specific relationship between the severity of hypoxaemia and subsequent
neurocognitive deficits has only been explored indirectly. Studies have shown that
reduced nocturnal oxygen levels are linked to cognitive impairment, however none
of these studies report correlational data and it is not known what level of
desaturation is damaging (Blunden et al., 2001). Similarly, sleep fragmentation and
disturbed sleep architecture have been associated with impaired co enitive function in
both anecdotal and objective studies (Blunden et al., 2001). Rhodes et al. (1995)
demonstrated significant correlations between total numbers of arousals and
neurocognitive measures in children with OSA. In addition, adult sleep

fragmentation is moderately correlated with daytime cognitive deficits.

The emerging evidence suggests that the neurocognitive effects of OSA may be
linked to both hypoxaemia and sleep fragmentation caused by increased arousals.
Given the robust line of evidence now established that links sleep to the
consolidation of learning, it can be postulated that sleep fragmentation and increased
arousals during sleep are having a large impact on cognitive function through the

effects of reduced consolidation. As previously discussed, consolidation is an
important component of learning and any reduction in consolidation caused by
impaired sleep will presumably have some negative effect on cognitive function in
general. We theorise that a reduced level of consolidation in children with OSA,

caused by a marked disruption to sleep architecture, is an important factor to

consider when assessing the causality of cognitive impairment.
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1.4.4 Sleep disturbances and disorders of mood and affect

In addition to the effects disturbed sleep appears to have on aspects of cognitive
function, it is also important to consider the effect of sleep on psychological and
emotional wellbeing. Sleep disturbances have been a common complaint in
psychiatric disorders for centuries, and self reported sleep disturbances are present in
over 80% of patients with depression (Armitage, 2007). Data from more objective
studies has suggested that EEG defined sleep appears to be abnormal in those at risk
of depression, and there is a general consensus of opinion that sleep is different in
individuals at high risk of depression (Kupfer, 1995). There is also evidence that
regulation of mood in affective illness is related to the regulation of sleep, and
although there is a certain level of dissociation between sleep and depressed mood,
the two domains are important and interactive in terms of our understanding of mood
disorders (Kupfer, 1995). Several abnormalities characterise the sleep of people with
depression. Sleep onset latency, number of awakenings, wake after sleep onset, and
rapid eye movement density are increased. Conversely, total sleep time, sleep
efficiency, slow wave sleep and REM latency are reduced (Benca et al., 1992;
Kupfer, 1995; Hubain et al., 2006). A recent review by Armitage (2007) reported
that sleep microarchitecture, based on sleep EEG frequency analysis, is more likely
to differentiate depressed patients from controls, than are standard measures. They

also found gender and age to be important moderators of sleep disturbance.

In addition to the interactions between sleep and clinical affective disorders, further
evidence for the association between sleep and mood comes from studies of sleep
deprivation. Chronic sleep deprivation has been shown to result in fatigue, poor
mood, and daytime sleepiness (Stepanski et al., 2000; Surani et al., 2007). 30 hours
of sleep deprivation has also been shown to result in significant negative
disturbances to subjective vigour, fatigue, and depression (Scott et al., 2006). The

combined evidence suggests that sleep and mood states have important interactions,

both in depressed patients and in healthy subjects.

1.5 Clinical aspects: Associations between epilepsy and sleer

An overview of sleep disordered breathing has been presented above. In addition to

primary sleep disorders such as this, there are a range of other medical disorders that,

while not classed as sleep disorders, have important and well documented
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interactions with sleep. In an attempt to provide an insight into the interactions
between one such disorder and sleep, an overview of epilepsy is presented. This
neurological disorder is not generally classified as a sleep disorder (exceptions being
ESES and sleep related epilepsy), but provides an ideal example of a medical

condition in which interactions with sleep appear to be a major feature.

1.5.1 Epilepsy

Epilepsy is a chronic disorder of the brain characterised by an enduring disposition
towards unprovoked recurrent seizures. It is the most common serious neurological
disorder, the prevalence is around 50 -70 people per 100,000 of the population.
Incidence varies greatly with age, with high rates in early childhood, low levels in
early adult life, and a second peak in people aged over 65 years old. Seizures
represent the clinical manifestation of an abnormal and excessive synchronised
discharge of cortical neurons in the brain, seizures can be broadly classified as partial
or generalised. Partial seizures originate in a focal region of the cortex and can be
further subdivided into simple partial (consciousness not impaired) and complex
partial (consciousness impaired). Both types of seizure can spread to other cortical
areas, resulting in what is known as secondary generalisation. Generalised seizures
are characterised by widespread involvement of bilateral cortical regions at the outset
and are usually accompanied by impairment of consciousness. In addition to the
classification of seizures, there is a separate system for classifying epilepsies and
epileptic syndromes, these are defined by groups of clinical, neurological and
neurophysiological characteristics. Epilepsies can be divided into localisation related
(or focal), or generalised epilepsies, further subdivisions include idiopathic
(presumed genetic origin), symptomatic (of known cause) and crypto genic

(presumed to be symptomatic but with an unidentified underlying abnormality)

(Brodie et al., 2005).

1.5.2 Associations between epilepsy and sleep
Epilepsy has a complex association with sleep, this relationship has been recognised

since antiquity, when both Hippocrates and Aristotle observed the occurrence of
epileptic seizures during sleep (Passount, 1984). Not surprisingly, this relationship
varies from one type of epilepsy to another, and can also vary according to factors

such as age, medication, epilepsy severity etc. In addition to the direct effects of
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epilepsy on sleep and vice versa, it is also important to consider the impact that
disturbed sleep may have on daytime functioning, and on quality of life. Early
studies based on clinical observations noted that in many patients, epileptic seizures
occurred during the night, or shortly after waking (Gowers, 1885). Since the
discovery of the EEG in 1929, it has become possible to define more clearly the

complex relations between epilepsy and sleep.

In the early studies based on clinical observation alone, it was found that between
42-45% of patients experienced seizures that occurred predominantly during the
daytime, 19-24% of patients experienced seizures that occurred only during
nocturnal sleep, and 33-37% of patients experienced seizures that occurred both
during the day and during sleep (Dinner, 2002). Although these studies demonstrate
close conformity between the 3 sub-groups, it has since become clear that various
types of epilepsy and seizure are affected differently by the sleep-wake cycle.
Epileptiform discharges and seizures in primary generalised epilepsies are both
commonly promoted by sleep deprivation. In addition, primary generalised seizures
often occur within a couple of hours of waking, whether from overnight sleep or
daytime naps. Partial seizures appear to have a greater propensity to spread during
sleep, frontal lobe seizures occur often predominantly (sometimes exclusively)
during sleep, however other partial seizures such as temporal lobe seizures are
relatively uncommon during sleep (Walker & Sisodiya, 2005). Sleep loss or
disruption has a well documented effect on the likelihood of clinical seizure
occurrence, especially in association with emotional or physical stress. Sleep
deprivation can activate the EEG and can also induce seizures, especially in
generalised epilepsies (Walker & Sisodiya, 2005). Sleep deprivation may be used

alongside a sleep EEG in order to provoke seizure activity or epileptiform

discharges.

In children, various epilepsies and epilepsy syndromes have important associations
with sleep. A classic example is benign rolandic epilepsy, a relatively common
childhood epilepsy syndrome characterised by partial rolandic seizures that occur

during the night or shortly after awakening (Stores, 2001°). Other epilepsies

commonly presenting with nocturnal seizures include mesial frontal seizures,

Lennox-Gestaut Syndrome (Amir et al., 1986), and Landau-Kleffner Syndrome
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(Massa et al., 2000). Other epilepsy types may be linked to the sleep-wake cycle and
seizures may be associated with the transition from sleep to wake, a striking example
i1s juvenile myoclonic epilepsy. This is a common epilepsy syndrome in which
myoclonic and generalised tonic-clonic seizures occur characteristically in the
morning during the first 1-2 hours after awakening but are rare at other times of the
day (Dinner, 2002; Timmings & Richens, 1992). An example of an epilepsy
syndrome differentially affected by different sleep stages is Electrical Status
Epilepticus During Slow Wave Sleep (ESES), this is a generalised epilepsy
characterised by continuous spike and wave activity during slow wave NREM sleep.
These discharges are usually substantially less frequent during REM sleep and wake,
and are thought to be suppressed by the state of REM sleep (Scholtes et al., 2005).

In addition to the presence of clinically relevant seizures during sleep, there is also a
close association between EEG activation and sleep. Both focal and generalised
epileptic discharges are common during NREM sleep, even if clinical se1zures do not
occur. During REM sleep, either generalised epileptiform discharges are infrequent,
or the spread is restricted. Focal discharges occur during REM sleep but are highly
localised. Clinically evident seizures rarely occur during REM sleep (Shouse, 2006).
In general, EEG activation and seizures in epilepsy are most frequent during NREM
sleep. The longest trains of spike and wave complexes occur in stage 1 NREM
sleep, the next most prominent time for discharges is stage 2 NREM sleep. Deep
NREM stages (stages 3 and 4) are usually considered less likely to activate
discharges, however the evidence is less than conclusive and there are some
suggestions that SWS is equally conducive to discharges (for example in syndromes
such as ESES) (Shouse, 2006). This evidence illustrates the ability of sleep to
activate the EEG, the finding is common across many kinds of epilepsy but may
often go unnoticed due to the subclinical nature of the epileptiform discharges.
Examples in childhood again include benign rolandic epilepsy, this presents with
frequent centro-temporal spikes at night, this is in addition to the clinically relevant

nocturnal partial seizures that are also present (Baglietto et al., 2001).

In addition to the effects of sleep on epilepsy, it may also be important to consider
the effect of epilepsy on sleep. Although there is no consistent or typical pattern of

sleep disruption, alterations involving the amount and the architecture of sleep are
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more common 1n patients with epilepsy (Bourgeois, 1996). Evidence suggests that
the very presence of epilepsy can disrupt sleep, seizures themselves can cause sleep
disruption and even seizures during wakefulness can disrupt subsequent sleep (Bazil,
2003). Studies have found that epilepsy can produce an increase in sleep latency,
wake time after sleep onset and stage shifts, an increase 1n stage 1 and 2 NREM
sleep, and a decrease in sleep spindle density and REM sleep (Foldvary, 2002).
Many studies have also shown improvement in sleep with the improvement of

seizures, in particular most have shown improvement of sleep efficiency, decreased

arousals, and an increase in REM sleep (Bazil, 2003).

Treatment with anti-epileptic medications (AED’s) may also have a potent effect on
sleep, studies suggest that AED’s alter sleep architecture both acutely and
chronically. The most consistently observed short-term effects appear to be those
that are associated with the older classes of AED’s (e.g. phenobarbitol, phenytoin,
benzodiazepines) and include a decrease in wake after sleep onset, an increase or
decrease in light sleep, and increase or decrease in SWS, and a decrease in REM
sleep (Foldvary, 2002). In recent years, several newer AED’s have been developed
with comparatively minor side-effects when compared to the older drugs. However,
the effects of most of the newer AED’s on sleep are less well defined. In general, it
seems that the newer AED’s have less of a detrimental effect on sleep than the older
AED’s, and some studies even suggest that newer AED’s may have a stabilising
effect on sleep (Placidi et al., 2000). However, it remains to be seen whether the
improvement in sleep patterns is a direct result of the AED therapy or is a

consequence of improved seizure control.

Seizures (especially those that may appear particularly dramatic) may well be

confused with other recurrent episodes of disturbed behaviour associated with sleep,
or with a clinical sleep disorder (Stores, 2001°%). The possible confusions between

epilepsy and sleep disorders, and the misdiagnoses that may occur can have

important implications in terms of appropriate treatment and management. Sleep
disorders that may be misdiagnosed as epilepsy can include arousal disorders, REM
sleep behaviour disorders, head banging, enuresis, OSA, and automatic behaviour

disorder (Stores, 1991). Conversely, epilepsy may be misdiagnosed as a sleep

disorder, examples include complex partial seizures of temporal lobe or frontal lobe
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origin, nocturnal/hypnogenic paroxysmal dystonia, episodic nocturnal wanderings
and non-convulsive status epilepticus (Stores, 1991). In addition to the possible
confusions between epilepsy and sleep disorders, research has also shown that
primary sleep disorders are more common in epilepsy. For example, OSA type

symptoms are more common 1n epilepsy (Becker et al., 2003), and sleep apnoea can

exacerbate seizures. Studies treating OSA in children with epilepsy have also shown
an increase in seizure control (Koh et al., 2000). Other sleep disorders, including
insomnia, may be more common in epilepsy and may potentially worsen seizures
(Malow, 2004). For various reasons, patients with epilepsy are more likely to be
predisposed to clinical sleep disorders. In addition to the presence of clinically
relevant disorders, there is also an association between epilepsy and more low level,
diffuse sleep disturbances. As they are often not serious enough to warrant a clinical
diagnosis, these disturbances may go unnoticed by clinicians but can still have a

large impact on issues such as daytime functioning and quality of life.

A range of studies has now shown that children with epilepsy are more vulnerable to
sleep disturbances and inappropriate bedtime behaviour, than children in the general
population. A study by Stores et al. (1998) used a parental report questionnaire to
assess sleep disturbances in 79 children with epilepsy. They found that children with
epilepsy showed much higher rates of sleep disturbances than controls, particularly
poor quality sleep and anxieties about sleep. Cortesi et al. (1999) replicated these
findings and also showed increased levels of reported sleep disturbance in children
with idiopathic generalised epilepsy, sleep problems were greater in those children
with current seizures than those without. Research comparing sleep problems in
children with epilepsy and their non-epileptic siblings has also shown that disturbed
sleep is more common in epilepsy (Cortesi et al., 1999; Wirrell et al., 2005). A
further study specifically assessing daytime sleepiness in epilepsy found that, when

compared to controls, children with epilepsy were much more likely to suffer from

excessive daytime sleepiness (Maganti et al., 200)5).

In adults, studies assessing the subjective report and clinical relevance of sleep
disturbances in epilepsy patients are surprisingly few. De Weed et al. (2004) found
that patients with partial epilepsy had a highly significant twofold higher prevalence

of sleep disturbance compared with controls. The presence of sleep disturbance 1n
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patients with epilepsy was also found to be associated with impairments to quality of
life. Xu et al. (2006) also found that patients with partial epilepsy reported more
sleep problems than controls, and patients with sleep disturbance also reported
poorer quality of life. Studies have also suggested that clinical sleep disorders are
more common in people with epilepsy, with a higher prevalence of symptoms of
insomnia, restless legs/periodic leg movements syndrome, and sleep apnoea (Bazil et
al., 2003). In general, the evidence suggests that adults with epilepsy have a high
prevalence of sleep disturbance than controls, they report a range of problems with

sleep, and associated problems with issues such as quality of life are commonly

reported.

1.5.3 Epilepsy and cognitive impairment: memory

In addition to their vulnerability to sleep problems, people with epilepsy as a group
are at a greater risk of developing cognitive impairment and learning problems than
people in the general population. It is estimated that learning problems occur 1n
between 5-50% of people with epilepsy (Thompson, 1987). Cognitive impairment
refers to deficits in cognitive functions, these are the mental processes by which we
take in, make sense of and act upon information from the outside world (Thompson,
1987). Complex learning skills such as reading, writing and arithmetic involve many
aspects of cognitive functioning, therefore cognitive impairment can lead to a wide

range of problems and deficits in may areas. Cognitive impairment may be

particularly damaging in children, in whom it can lead to unsatisfactory educational
progress and poor scholastic performance. Aspects of cognitive functioning that may

be impaired in epilepsy include memory, attention, perception and motor skills,

reading, and arithmetic.

Disturbances of memory and related functions have often been noted in association
with epilepsy, indeed early this century such difficulties were felt to be an inevitable
consequence of the disorder (Thompson, 1987). Adults with epilepsy frequently
complain of memory problems and perform poorly on subjective measures of
memory function. They also report that memory difficulties have a significant
negative impact on their everyday lives (Thompson & Corcoran, 1992). However,
patients with epilepsy who complain of high levels of subjective memory difficulties

often achieve average or high-average scores in standard laboratory memory tests.
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This discrepancy may be due to a number of factors, for example there may be a
poor correspondence between the parameters assessed by laboratory memory tests
and the type of everyday memory difficulties reported by people with epilepsy. It
has also been suggested that people with epilepsy may be prone to an exaggerated
perception of memory failure due to anxiety or depression, or other cognitive
impairments (Giovagnoli et al., 1997). However, studies have shown that, far from
exaggerating their memory difficulties due to neuroses, people with epilepsy actually
underestimate the frequency of their everyday memory failures (Thompson &
Corcoran, 1992). It has also been suggested that everyday memory may be affected
by clinical, pathological, and antiepileptic drug related factors (Giovagnoli et al.,,
1997). Another suggestion is that the memory difficulties so often experienced by
people with epilepsy are due to an impairment of very long term memory
consolidation processes, beyond those normally assessed by standard laboratory
memory tests. A study by Blake et al. (2000) showed that people with temporal lobe
epilepsy performed disproportionately poorly on tests of long term forgetting, and
suggest this is indicative of consolidation impairment. Although the paradox
remains essentially unresolved, the established link between sleep and processes of
consolidation (Walker et al., 2002; Stickgold et al., 2000), may lead to speculation

that disruptions to sleep are in part responsible for the memory difficulties

experienced by people with epilepsy.

Disturbances of memory and related functions are also often reported by the parents
and teachers of children with epilepsy. Such problems may well interfere
significantly with the child’s educational and social progress, and it is important that
they are recognised wherever possible. However, the precise nature of these
problems can be difficult to identify, and may represent a diverse range of
impairments. Studies specifically assessing learning and memory problems have
shown that children with epilepsy are inordinately vulnerable when processing

memory tasks, especially when placed under conditions of increased demand
(Schouten et al., 2002). Bailet & Turk (2000) used a battery of neuropsychological
tasks and found that children with epilepsy scored significantly lower on measures of
memory, presenting a long-term risk of learning problems. A neurophysiological
study by Koop et al. (2005) also showed memory impairment in children with

epilepsy, and found correlations with slow wave EEG activity. Findings such as
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these are consistent with results from several other studies (Nolan et al., 2004:

Jambaque et al., 1993) and confirm the negative impact of epilepsy on learning and

memory in children.

1.5.4 Epilepsy and cognitive impairment: other difficulties

In addition to the deficits in learning and memory, a number of other cognitive
difficulties have been identified in association with epilepsy. Transient interruption
of attention characterises certain classes of seizure e.g. absence seizures. More
prolonged alterations of attention may be seen in the post-ictal or confusional state
following other types of seizure. Attentional deficits may also be associated with
cpilepsy in more subtle ways, and may be observed in the absence of any overt
seizures (Stores et al., 1973). Studies of attention patterns in epileptic patients have
found that people with epilepsy present with inferior cognitive performance in
relation to concentrated attention, compared with controls (Stella & Maciel, 2003).
Attentional decline and psychomotor speed decline has also been shown in patients
with temporal lobe epilepsy (Piazzini et al., 2006). In children, an early study by
Whitmore & Holdsworth (1971) demonstrated that 42% of children with epilepsy
attending mainstream school were reported by their teachers to be “markedly
inattentive”. Further studies have also shown that children with epilepsy
(irrespective of epilepsy type) suffer deficits in alertness and attention (Bennet-Levi
& Stores, 1984). Perceptual difficulties and motor problems have also been reported
in association with childhood epilepsy. Bailet & Turk (2000) found psychomotor
speed was significantly slower in children with epilepsy than in controls. Motor skill
deficits have also been demonstrated in various types of childhood epilepsy
including benign focal epilepsy (Maalouf et al., 2006), frontal lobe epilepsy
(Hernandez et al., 2002), and severe and intractable epilepsy (Beckung & Uvebrant,

1993; Beckung et al., 1997).

In children, it is particularly important to understand the effect of epilepsy on more
global aspects of cognitive function, and education in particular. Many studies have
concentrated on these more generic aspects of cognitive function, including concepts
such as academic achievement, learning skills and performance in school. The
majority of research evidence has confirmed that children with epilepsy are more

likely to underachieve at school (e.g. Seidenberg et al., 1986; Fowler et al., 1984;
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Mitchell et al., 1991) and have broad-spectrum problems with learning (e.g. Stores,
1978; Cornaggia & Gobbi, 2001; Bailet & Turk, 2000). Other research has assessed
complex learning skills requiring many aspects of cognitive function, spanning many
domains. Studies have shown that children with epilepsy have particular problems
with reading skills (Rutter et al., 1970; Stores & Hart, 1976; Long & Moore, 1979)
and mathematical or arithmetic skills (Bagley, 1970; Green & Hartlage, 1971; Ross
& West, 1978; Aldenkamp, 1983).

1.5.5 Epilepsy and depression

In addition to the cognitive impairment often associated with epilepsy, psychiatric
comorbidities are also common. Nearly 1 in 3 people with epilepsy report significant
concern about their mood states, depression is the most common psychiatric
condition in patients with epilepsy and is reported in some studies to exist in up to
55% of patients (Brodie et al., 2005). A large body of evidence exists associating
epilepsy with depression and mood disorders, and studies have shown that negative
affect, anxiety and depressive symptoms are common across all types of epilepsy
(e.g. Mendez et al., 1986; Robertson et al., 1987; Piazzini et al., 2001). Depression
most often occurs interictally and presents as a chronic waxing and waning disorder,
often in association with variable levels of irritability and emotionality (Brodie et al.,
2005). Studies assessing psychiatric disorders in children with epilepsy have drawn
similar conclusions, anxiety and depression are common in childhood epilepsy and
appear particularly prevalent amongst males compared to females (Bilgic et al.,
2006). Depression in children with epilepsy may also contribute to poor

psychosocial outcome, and may be a risk factor for suicide (Plioplys, 2003).

1.5.6 Causes of cognitive impairment in epilepsy

The causes of cognitive impairment in epilepsy are not fully understood, and many
methodological issues surround the empirical research of a disorder as heterogenous

as epilepsy. Despite this, many studies have investigated potential factors involved

and have identified a number of contributing variables.

Daytime seizures can have direct effects on several aspects of the information
processing system. Deficits in alertness, short-term learning, abstraction, and more

stable aspects such as educational achievement have all been shown in connection
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with seizures (Aldenkamp, 1990; Aldenkamp & Arends, 2004). Prolonged post-ictal
effects may also exist, but can be more difficult to identify. Nocturnal seizures are
thought to have detrimental effects on language functions, on memory, and on
alertness (Aldenkamp, 1990). Age of onset of seizures can also have an effect; early
onset seizures can interfere with brain development and are associated with a higher
degree of cognitive impairment (Binnie, 1990). Interictal epileptiform EEG

discharges can also produce subtle transient cognitive impairment (TCI) in the

absence of any clinical phenomena (Binnie, 1992).

Some epilepsies may be associated with structural brain abnormalities, these
individuals tend to show greater impairments than those without demonstrable
pathology. In addition, deficits in patients with localization related epilepsy are more
specific to different types of test material (Binnie 1990). In general, a demonstrable
organic aetiology for epilepsy is a poor prognostic indicator for intellectual ability
and scholastic performance (Dam, 1990). In addition, structural abnormalities are

often associated with poor seizure control, which in itself can lead to problems with

cognition and academic attainment.

The negative effect of AED’s on cognitive function has been documented, but it 1s
still largely unclear what the relative contributions of the different AED’s are.
Several studies have examined the established old AED’s but no certain conclusions
have been reached as to what degree individual drugs have an effect on cognition.
Data regarding the cognitive effects of the new drugs are sparse (Brunbech & Sabers,

2002). In general, however, there seems to be an agreement that polytherapy and

high-dose treatment can produce adverse cognitive effects. Of course, one

possibility to be considered is that patients on polytherapy or receiving high dose

treatment are those with the most severe and resistant forms of epilepsy. As such, it

should be considered that the association between polytherapy/high dose treatment

and cognitive impairment may be a factor of epilepsy severity rather than a direct

consequence of drug therapy.

The associations between sleep and epilepsy are complex and multiple, despite this
surprisingly little research has investigated the extent or consequence of sleep

disturbance in either children or adults with epilepsy. In addition, relatively little of
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the research 1nto cognitive impairment in epilepsy has concentrated on sleep, this
seems surprising given the growing body of evidence connecting sleep with learning
(see section 1.3). Neither has any significant research concentrated on the effect of
sleep on psychiatric comorbidities such as depression, again surprising given the

associations between sleep and depression.

1.6 Summary
The topics discussed in this literature review have attempted to provide a general

introduction to the experimental work of this thesis. The overview of sleep
physiology, and the evidence supporting the theory that sleep is an important
mediator of processes of leaming and memory provides the theoretical basis for
studies described in chapter two. Although there is a robust body of evidence
associating sleep with the consolidation of non-declarative procedural memory, the
role of sleep in other memory domains (particularly declarative) is less well known.
An investigation of the role of sleep in processes of declarative memory would help
elucidate the mechanisms behind sleep dependent learning, and may provide
additional evidence to help clarify the inter-relationships between different types of
memory. Another crucial point to consider is the lack of any empirical research
assessing the role of sleep on learning and memory in children, a population in
whom the consequences of learning and educational performance are considerable.
These concerns will be addressed in chapter two, where empirical research attempts

to assess the role of sleep in the declarative memory domain, and investigates sleep

dependent learning 1n children.

An overview of clinical sleep disorders, in particular OSA and sleep disordered
breathing, provides evidence that disturbed sleep can be associated with a degree of
cognitive impairment. However, the cause of this associated cognitive impairment
has not been fully established, and no research to date has investigated the specific
impact of the sleep disturbance on sleep dependent learning. The question remains
as to whether chronic but relatively subtle disturbances to sleep can impact on
processes of sleep dependent learning, once again this question is particularly

pertinent in children, a group in which cognitive impairment has such great

consequences. This hypothesis is addressed in chapter three, with an assessment of

cognitive function and sleep quality in children undergoing investigation for OSA.
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Finally, an overview of aspects of epilepsy was presented, a clinical condition that
has associations with sleep but is not classified as a sleep disorder. Relatively little
research has concentrated on the assessment of sleep disturbance 1n epilepsy, despite
known interactions between the disorder and sleep. In addition epilepsy has long
been associated with cognitive impairment and psychiatric comorbidities, however
researchers have yet to investigate the specific interactions between sleep and these
variables in epilepsy. Chapter four attempts to provide some insight into the
interactions between self-reported sleep quality, memory, cognitive function, and
mood. Predictive relationships are initially assessed in a population of healthy
controls, and subsequently in a group of adults with epilepsy. The final experimental
chapter addresses some of the clinical concems that apply in the treatment of
children with epilepsy. Initially, the prevalence of sleep disturbances in a group of
children with epilepsy are assessed, in comparison with a group of healthy control
children. Although disturbed sleep in childhood epilepsy 1s frequently reported as a
concern by parents, it often goes unreported and is not routinely assessed by
clinicians. As such, objective and subjective methods of recording information on
sleep are also assessed, in order to provide some research evidence that can have

direct clinical relevance, and can hopefully be incorporated into clinical practice

In summary, this thesis attempts to confirm the vital role of sleep in adult procedural
learning, and also investigates the role of sleep in declarative memory processes.
The impact of sleep on these memory domains is also assessed for the first time in
children. The thesis also investigates the role of sleep disturbance on procedural and
declarative memory in a case series of children with sleep disordered breathing. In a
large-scale prevalence study, subjective sleep disturbances are assessed in both
people with epilepsy and controls, and associations between sleep and memory,

mood, and quality of life are assessed. Finally, sleep disturbances are assessed in

children with epilepsy and the various techniques available for collecting information

on sleep are evaluated.
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Chapter 2

The effects of sleep on procedural and declarative learning in adults and

children

2.1.1 Introduction

Although the precise functions of sleep remain largely unknown, there is a
substantial body of evidence pointing towards a role for sleep in memory processes
and brain plasticity (see chapter 1). Evidence for sleep dependent improvements on
procedural tasks are provided by many different authors, with research indicating
that sleep plays an important role in the enhancement of procedural performance
(e.g. Walker <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>