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The term “cognitive enhancement” usually characterizes interventions in humans that aim to improve
mental functioning beyond what is necessary to sustain or restore good health. While the current
bioethical debate mainly concentrates on pharmaceuticals, according to the given characterization,
cognitive enhancement also by non-pharmacological means has to be regarded as enhancement proper.
Here we summarize empirical data on approaches using nutrition, physical exercise, sleep, meditation,
mnemonic strategies, computer training, and brain stimulation for enhancing cognitive capabilities.

gﬂlszg;em Several of these non-pharmacological enhancement strategies seem to be more efficacious compared to
Cognition currently available pharmaceuticals usually coined as cognitive enhancers. While many ethical argu-
Neuroethics ments of the cognitive enhancement debate apply to both pharmacological and non-pharmacological
Memory enhancers, some of them appear in new light when considered on the background of non-
Working memory pharmacological enhancement.

Attention This article is part of a Special Issue entitled ‘Cognitive Enhancers’.

Creativity © 2012 Published by Elsevier Ltd.

1. Introduction

Humans have always striven to increase their mental capacities.
From symbolic language, writing and the printing press to math-
ematics, calculators and computers: Mankind has devised and
employed tools to record, store and exchange thoughts and hence,
in a more abstract sense, to enhance cognition. Such external
devices aiding cognition do not seem to raise any ethical concerns,
at least not in regard to the aim of enhancing cognitive functions. In
contrast, the introduction of means to enhance cognition internally
by intervening in the brain in a more straightforward way has
raised ethical and legal concerns and is regarded by (some parts of)
the public as highly suspicious. The prospects and perils of cogni-
tive enhancers have prompted wide discussion in ethics, law and
politics. Cognitive enhancement has become a trend topic both in
academic and public debate — however the discussants bring a very
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diverse background and motivation to this debate. The aim of many
empirical researchers of cognitive enhancement is to understand
the neurobiological and psychological mechanisms underlying
cognitive capacities (McGaugh and Roozendaal, 2009), while
theorists are rather interested in their social and ethical implica-
tions (Savulescu and Bostrom, 2009). While in basic research very
specific mechanisms are studied (mostly in animal models), many
theoretical discussions start from the counterfactual idea of
a highly effective drug that makes its consumer super smart. In
contrast, there is a surprising paucity of research that evaluates the
effects of currently existing cognitive enhancers in healthy indi-
viduals. A widely cited definition characterizes cognitive
enhancement as interventions in humans that aim to improve
mental functioning beyond what is necessary to sustain or restore
good health (Juengst, 1998). While the current bioethical debate on
cognitive enhancement shows a strong focus on pharmacological
ways of enhancement, according to the given characterization,
enhancement of mental capabilities also by non-pharmacological
means has to be seen as cognitive enhancement proper. In this
paper we aim to draw attention to several non-pharmacological
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cognitive enhancement strategies that have been largely neglected
in the debate so far. We will first summarize studies on the efficacy
of psychopharmacological enhancers and then present data on the
cognition enhancing effects of a number of non-pharmacological
methods. We will start with broadly used interventions that are
not commonly recognized as enhancement strategies such as
nutrition, physical exercise and sleep, and then will go over to more
specific methods such as meditation, mnemonic techniques,
computer training, and brain stimulation technologies. We will
restrain our review to methods that currently exist and won't
speculate on future technologies. While many ethical arguments of
the cognitive enhancement debate apply to both pharmacological
and non-pharmacological enhancers, some of them appear in new
light when considered on the background of non-pharmacological
enhancement.

2. Pharmaceuticals

The bioethical debate on enhancement mainly concentrates on
psychopharmaceuticals. In particular psychostimulants are
increasingly popular among healthy people seeking cognitive
enhancement (Talbot, 2009; Smith and Farah, 2011). Beside
amphetamines, which are not reviewed here, two particular
substances have frequently been in the spotlight of both the
scientific (de Jongh et al., 2008; Sahakian and Morein-Zamir, 2007)
and popular press (The Economist, 2008; Talbot, 2009) because of
their assumed enhancing properties, namely methylphenidate
and modafinil. The first, a stimulant used to treat attention-
deficit hyperactivity disorder (ADHD), is known to have been
extensively misused, especially by college students as a “study aid”
(McCabe et al., 2005; Wilens et al., 2008). The second, modafinil,
a wakefulness promoting agent licensed for the treatment of
excessive daytime sleepiness associated with narcolepsy, is already
used by military personnel for missions of longer duration to
counteract fatigue after sleep deprivation (Bonnet et al., 2005;
Caldwell and Caldwell, 2005; Moran, 2007). It also seems to
become increasingly popular in both business and in academia. In
a non-representative online poll conducted by Nature magazine
(Maher, 2008), 20% of the 1400 responding readers reported use of
methylphenidate, modafinil or beta-blockers for non-medical
reasons: 62% of users reported taking methylphenidate and 44%
modafinil. Indirect evidence for the non-medical use of methyl-
phenidate and modafinil can also be gained by companies
constantly raising sales and by comparing their disproportionately
high prescription numbers to the numbers of patients suffering
from the disorders for which these substances are approved or used
off-label (Mehlman, 2004).

Methylphenidate is a dopamine reuptake blocker that also
enhances dopamine and norepinephrine release with pharmaco-
logic mechanisms similar to those of amphetamines (Sulzer et al.,
2005). The mechanisms of action of modafinil are not well under-
stood but are believed to differ from those of methylphenidate and
amphetamines. Although there is mounting evidence that the
effects on dopamine and norepinephrine are primary, effects on vy-
aminobutyric acid, glutamate, histamine and orexin/hypocretin are
also theorized (Volkow et al., 2009; Minzenberg and Carter, 2008;
Ballon and Feifel, 2006). Although these drugs are supposed to
affect cognition mainly, the widespread neurochemical systems
they implicate suggest that they might also have an impact on
emotional and motivational functions. In a systematic review on
the effects of these stimulants on healthy individuals it has
been shown that there is a lack of studies addressing this issue
(Repantis et al., 2010b). Regarding methylphenidate, the analysis of
the few existing studies provided no consistent evidence for
enhancing effects, though evidence for a positive effect on memory

(mainly spatial working memory) was found. While such memory
benefits seem to be in the large effect size range, the popular
opinion that methylphenidate enhances attention was not verified
(Repantis et al.,, 2010b). Some studies reported even negative
effects, such as a disruption of attentional control (Rogers et al.,
1999).

In a systematic review modafinil was found to have some
positive, though moderate, enhancing effects on individuals who
were not sleep deprived, namely on attention (Repantis et al.,
2010b). No effect was found on memory, mood or motivation in
the few studies that examined these domains, but the results of the
studies were not unequivocal. Moreover, there is evidence that the
effect of modafinil depends to some extent on the individual
baseline performance (Randall et al., 2005).

In the above mentioned systematic reviews also side effects of
methylphenidate and modafinil on healthy individuals have been
reviewed (Repantis et al., 2010b). Since most of the included papers
reported small studies and not large-scale clinical trials, no stan-
dardized method of assessing adverse reactions and reporting
drop-outs due to adverse effects was used. In a number of studies
(26 for methylphenidate and 26 for modafinil), no comment on side
effects was made, which leaves us to assume that no severe adverse
effects appeared that would deserve a comment in the limited
space of a publication. In the majority of the trials, the drugs were
well tolerated. There were some side effects reported, but these
were benign and only in few cases lead to drop-outs. For modafinil
adverse reactions were primarily headache, dizziness, gastroin-
testinal complains (e.g. nausea, abdominal pain, dry mouth),
increased diuresis, palpitations, nervousness, restlessness, and
sleep disturbances and especially in studies with non-sleep
deprived individuals, insomnia (Baranski and Pigeau, 1997;
Caldwell et al., 1999, 2000, 2004; Dinges et al., 2006; Eddy et al.,
2005; Gill et al.,, 2006; Hart et al.,, 2006; Lagarde et al., 1995;
Pigeau et al., 1995; Wesensten et al., 2002; Whitmore et al., 2006).
For methylphenidate a frequently reported side effect (reported in
13 out of 14 trials reporting side effects) was increased heart rate,
while increase in blood pressure was not consistently found (Bray
et al.,, 2004; Brumaghim and Klorman, 1998; Clark et al., 1986;
Fitzpatrick et al.,, 1988; Hink et al., 1978; Mehta et al., 2000;
Peloquin and Klorman, 1986; Rogers et al., 1999; Strauss et al., 1984;
Volkow et al,, 1999a, 1999b; Wetzel et al., 1981). Besides these,
typical complaints were headache, anxiety, nervousness, dizziness,
drowsiness and insomnia. In total, these drugs seem to be well-
tolerated even by this population where the trade-off between
side effects and improvement may be less clear. Finally, since the
majority of the studies that have been performed were short-term
and single-dose studies, no comment can be made on the rein-
forcing effects, dependence development, and drug tolerance of
MPH or modafinil in healthy individuals.

Prescription drugs currently available for the treatment of
dementia provide a further possibility for cognitive enhancement.
Of interest are the drugs used for the treatment of dementia due to
Alzheimer’s disease, namely the acetylcholinesterase inhibitors and
memantine. The first category comprises three substances —
donepezil, galantamine, rivastigmine — that are recommended for
clinical use for the treatment of patients with mild to moderate
Alzheimer’s disease (Racchi et al., 2004). Memantine is a NMDA
receptor antagonist and is registered for the treatment of moderate
to severe Alzheimer’s disease (Sonkusare et al., 2005). Studies with
anti-dementia drugs were found to be lacking. In a systematic
review (Repantis et al., 2010a) only ten trials with donepezil, one
with rivastigmine and seven with memantine have been reported.
No randomized controlled trials examining the effects of galant-
amine in healthy individuals were found. Anti-dementia drugs
show their effect after intake for several weeks. All memantine and
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the one galantamine trial were however single dose trials. Hence,
based on these few and insufficient data, no adequate analysis of
their potential as cognitive enhancers can be performed. Repeated
trials have been conducted only with donepezil. These were six
small scale trials, lasting 14—42 days. From these, only two
(Beglinger et al., 2005; Fitzgerald et al., 2008b) had older persons
as participants. The rest of the trials included young healthy
participants. This factor complicates the comparison between the
results and makes it difficult to generalize the results of the latter
studies for the main population of interest, namely the growing
elderly population.

These few existing studies provide no consistent evidence for
a cognitive enhancement effect. In one study it was found that
donepezil improved the retention of training on complex aviation
tasks (Yesavage et al., 2002). In an another case, verbal memory for
semantically processed words was improved (Fitzgerald et al.,
2008a). Donepezil might also improve episodic memory (Gron
et al, 2005), but interestingly, two studies reported transient
negative effects on episodic memory (Beglinger et al., 2004, 2005).
A newer study found also an impairment of working memory in
older healthy participants taking donepezil for six weeks (Balsters
et al,, 2011). In a sleep deprivation study, donepezil had no effect
when participants were well-rested. Nevertheless, the memory and
attention deficits resulting from 24 h of sleep deprivation were
attenuated after donepezil intake. This effect however, was seen
only in individuals whose performance declined the most after
sleep deprivation (Chuah and Chee, 2008; Chuah et al., 2009), and
could not be confirmed in a recent study (Dodds et al., 2011).
Another point that should be made is that in most of the studies
a large neuropsychological test battery was applied. However, an
effect could be shown in only a few, if not only one, of the tests
applied. This could speak either for a selective effect of donepezil or
for small effects that in these relatively underpowered studies
could only be revealed in only one (maybe the most difficult) task.
Another possible explanation could be that acetylcholinesterase
inhibitors require a pathology of diminished cholinergic trans-
mission to show their effects, and, therefore, it is not possible to
optimize performance in healthy individuals that already have an
optimal concentration of acetylcholine. In conclusion, evidence for
cognition enhancing effects of currently available psychopharma-
ceuticals in healthy subjects is sparse.

In the majority of the trials, donepezil was well tolerated,
however some authors warn that sleep disturbances might become
apparent in larger populations (Yesavage et al., 2002). Reported
side effects were benign and only in few cases led to drop-outs. The
adverse reactions were mainly gastrointestinal complaints (e.g.
nausea), but also headache, dizziness, nightmares and insomnia.

3. Nutrition

Numerous food products and dietary supplements claim effects
like “increase energy” or “enhance memory” despite scarce,
controversial or even lacking scientific evidence. Nutritional
enhancers are consumed, intentionally or unintentionally, in
everyday situations and they can reduce fatigue, e.g. through
a coffee after lunch, and help maintain full cognitive capacities, e.g.
through sweet snacks during an exam. Here, we review the acute
effects of two commonly consumed dietary constituents, namely
caffeine and sugar (glucose).

Caffeine is an adenosine receptor antagonist; it reduces inhibi-
tion of neural firing by large through an increased turnover of
noradrenaline in the brain (Smith et al., 2003; Ferre, 2008). It exerts
its stimulating effects within less than an hour after administration
through altering the biochemistry of the brain. Typical behavioral
effects of caffeine include elevated mood, increased alertness,

and better sustained attention (Smith et al., 1991, 2005; Hewlett
and Smith, 2007). It improves motor-skill performance on tasks
that are impaired when arousal is low, e.g. during simulations of
driving (Reyner and Horne, 1997) and increases speed of encoding
and response to new stimuli (Warburton et al, 2001; Riedel
et al.,, 1995). Caffeine effects on more complex and cognitively
demanding tasks are, however, controversial in that some authors
report better performance (Heatherley et al., 2005) but also null-
findings effects (Rogers and Dernoncourt, 1998). The effects of
caffeine on memory and learning are particularly disputed and
positive effects can be in large attributed to indirect effects from
elevated attention to the stimuli during encoding (Nehlig, 2010).
Another debate concerns the question whether and in how far
differences in prior caffeine consumption and their lack of experi-
mental control thereof contribute to these conflicting observations.
Caffeine tolerance has been demonstrated (Evans and Griffiths,
1992) and is more likely to occur in habitual, heavy coffee
drinkers. Coffee drinkers represent, however, the group that is most
prone to intentionally exploiting the enhancing effects of caffeine.
Caffeine withdrawal after heavy coffee consumption has been
associated with headaches, increased subjectively perceived stress
and feelings of fatigue and reduced alertness in some studies
(Ratcliff-Crain et al., 1989; Schuh and Griffiths, 1997; Dews et al.,
2002; Juliano and Griffiths, 2004). However, withdrawal effects
can, at large, be explained by psychological rather than pharma-
cological factors of reduced caffeine intake (Dews et al., 2002). In
line with this, it has been shown that expectancy mimics effects of
caffeine when consumers believe they consume a caffeinated
beverage (Fillmore, 1994), thus further corroborating a psycholog-
ical component of the caffeine effect following both consumption
and withdrawal. While psychological aspects of caffeine with-
drawal appear to be relevant particularly in subjective report of
mood and energy, evidence suggests that caffeine enhances task
performance independent of whether consumed in the abstained
or normal caffeinated state in coffee drinkers (Smit and Rogers,
2000; Addicott and Laurienti, 2009). On the other hand, it
appears that caffeine yields similar effects when administered in
a coffee, in a tea, or as a capsule, supporting a pharmacological
rather than a psychological mechanism when participants’ expec-
tations are controlled for (Smith, 2002).

Glucose is the primary breakdown product of carbohydrates and
the fuel for our cells. It is provided through the blood constantly
and measured as the level of blood sugar. In an attempt to keep the
blood sugar level constant, excess glucose must be stored and
released later, which is achieved by the pancreatic hormones
insulin and glucagon. Insulin is released with high levels of blood
sugar and stimulates the synthesis of glycogen. Glucagon is
released with decreasing blood sugar; it targets the liver to break
up glycogen into glucose. Hypoglycemia, i.e. when the blood
glucose level falls to very low values, can affect cognitive func-
tioning negatively and is associated with slower reaction times in
task that require attention. In healthy individuals, however, the
blood glucose level appears to be fairly stable during the day.
Subjective reports of “increased mental energy” have been associ-
ated with higher glucose metabolism in the brain (Posner et al.,
1988; Reivih and Alavi, 1983), and this effect occurs within
several minutes after glucose administration. With regard to
objective cognitive performance, glucose improves attention
(Benton et al., 1994), response speed (Owens and Benton, 1994) and
working memory (Scholey et al., 2001), the latter occurring under
conditions of high but also under low glucose depletion (Owen
et al., 2012; Jones et al., 2012). The most pronounced effects of
glucose on cognition are found for declarative memory (Messier,
2004; Smith et al., 2011), where effect sizes in the large range
have been demonstrated in particular for demanding tasks (e.g.
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Stinram-Lea et al., 2001, 2002a, 2002b; Meikle et al., 2004). High
blood-glucose level are associated with improved memory function
(Benton and Owens, 1993), and glucose administration before and
after learning similarly improves memory performance, indicating
that attentional or other non-memory specific processes during
encoding alone cannot be responsible for the memory enhancing
effects of glucose (Siinram-Lea et al., 2002a). Memory effects are
more pronounced in elderly as compared to young adults, and
glucose tolerance was predictive for declarative memory perfor-
mance (Manning et al., 1990; Meikle et al., 2004; Messier, 2004). On
a neural level, the hippocampus has been proposed as the main
brain region mediating the memory enhancing effects of glucose,
with more specific mechanisms involving glucose effects on cere-
bral insulin, acetylcholine synthesis, potassium adenosine
triphosphate channel function, and brain extracellular glucose
availability (Smith et al., 2011).

Taken together, the findings show that caffeine and sugar
enhance mood, subjectively perceived energy, vigilance, attention,
and memory, and may even exert their effects in a synergistic
fashion if administered together (Adan and Serra-Grabulosa, 2010).
Individual differences, e.g. in glucose tolerance or nutritional habits
such as caffeine consumption, influence the extent and direction of
these effects.

4. Physical exercise

It is common knowledge that regular physical activity is a highly
beneficial factor for preventing cardiovascular diseases and staying
healthy in general. Already in the first half of the 20th century it
was demonstrated that athletes outperform physically inactive
individuals also in cognitive functions (Burpee and Stroll, 1936),
and an emerging body of evidence suggests that regular aerobic
exercise indeed has beneficial effects on brain function and
cognition (Hillman et al., 2008). The focus of most studies on
physical exercise effects on cognition is on developmental issues:
Either children of different age groups or elderly adults were
examined. In school-age children, physical exercise was demon-
strated to benefit e.g. academic achievement, intelligence, percep-
tual skills, and verbal and mathematical ability (Sibley and Etnier,
2003). In older adults with and without pathological cognitive
decline, beneficial effects of various physical exercise programs on
different aspects of cognition were observed (Richards et al., 2003;
van Uffelen et al., 2008). A recent meta-analysis of randomized
controlled trials demonstrated that aerobic exercise training
improves attention, processing speed, executive function and
memory, while effects on working memory were less consistent
(Smith et al., 2010). Even if methodological issues in measuring the
impact of exercise on cognition in particular for studies with elderly
subject populations remain (Miller et al., 2012), the conclusion that
physical activity helps to preserve mental abilities throughout
aging seems to be warranted.

In contrast to research in children and older adults, there is
a paucity of studies on physical exercise effects on the cognition of
younger and middle age adults. Most data on these age groups can
be found in studies on older adults, where they were examined as
control groups for comparison with the elderly. An exception of this
pattern constitute studies focusing not on chronic effects of regular
physical activity, but on acute effects of exercise. For example, brief
bouts of physical exercise improved long-term memory in young
adults (Coles and Tomporowski, 2008). Intense exercise in the form
of high impact anaerobic running was shown to strongly enhance
learning speed in an vocabulary memorizing task (Winter et al.,
2007). A recent meta-analysis demonstrated that in particular
mental speed and memory processes are consistently enhanced
after acute exercise, while the effects during acute exercise seem to

depend on the specific exercise mode. In general, however, cogni-
tion enhancing effects of acute exercise seem to be in the small to
medium range (Lambourne and Tomporowski, 2010). Besides
motivational factors, an increase in general arousal level related to
physical exertion has been hypothesized as a potential mechanism
(Brisswalter et al., 2002).

Data on the neural mechanisms underlying the effects of
physical exercise on human cognition is rather sparse. Regular
physical exercise training improved resting functional efficiency in
higher-level cognitive networks including the frontal, posterior,
and temporal cortices of older training participants compared to
a control group (Voss et al., 2010). In particular greater task-related
activity in fronto-parietal networks is associated with both general
cardiovascular fitness and exercise training effects on cognition
(Colcombe et al., 2004). Also hippocampal cerebral blood flow and
hippocampal connectivity exhibit significant increases through
physical exercise (Burdette et al., 2010). Structurally, cardiovascular
fitness within the healthy elderly correlates with preserved gray
matter areas that typically show age-related decline (Gordon et al.,
2008), in particular hippocampal volume was found to be associ-
ated with physical fitness in older adults (Erickson et al., 2009), but
also in children (Chaddock et al., 2010). Significant brain volume
increases in both gray and white matter regions were also
demonstrated to be associated with aerobic exercise training
(Colcombe et al., 2006). In particular the size of the anterior
hippocampus was shown to increase through physical exercise,
which was related to enhanced spatial memory and increased
serum brain-derived neurotrophic factor (BDNF) levels, a mediator
of hippocampal neurogenesis in the dentate gyrus (Eriksson et al.,
2011). This is in line with data derived from animal models,
showing that physical exercise increases BDNF gene expression in
the hippocampus (Neeper et al., 1995), and that hippocampal BDNF
indeed mediates the effects of physical exercise on cognition
(Vaynman et al., 2004; Gomez-Pinilla et al., 2008). Also the
enhancing effects of intense acute exercise seem to be mediated by
BDNF increases (Winter et al., 2007). Finally, parallel studies in mice
and humans demonstrated that cerebral blood volume measure-
ments provide an imaging correlate of neurogenesis in the dentate
gyrus and that physical exercise had a primary effect on dentate
gyrus cerebral blood volume that correlated with cognitive func-
tion (Pereira et al, 2007). In conclusion, there is converging
evidence on several levels of observation that physical exercise
enhances cognitive function throughout the lifespan.

5. Sleep

Humans spend a third of their lifetime in sleep. From an
evolutionary standpoint, this phenomenon helps to save energy —
but also leaves the sleeper in a potentially dangerous state of
inattention. Sleep therefore has to provide the organism with
important advantages to compensate for this disadvantage. A
rapidly growing body of literature suggests that an important
function of sleep is to enhance cognitive capacities, in particular
memory (Diekelmann and Born, 2010) and creativity (Dresler, in
press).

First empirical reports on the positive effects of post-learning
sleep on memory consolidation were published almost a century
ago: Jenkins and Dallenbach (1924) demonstrated that memory for
nonsense syllables over retention periods including sleep is less
prone to forgetting compared to an equivalent time of wakefulness.
Since then, hundreds of studies testing different memory systems
have confirmed the positive effects of sleep on memory consoli-
dation (Diekelmann and Born, 2010). It might be argued that
regular sleep is just a general biological prerequisite to ensure
cognitive functioning and therefore sleep trivially favors memory
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consolidation in comparison to sleep deprivation. However, also in
experimental designs without sleep deprivation as a control
condition sleep positively effects memory consolidation compared
to wakefulness, e.g. when retention intervals during the day are
compared with nocturnal retention intervals of similar length
(Fischer et al., 2002; Walker et al., 2002). Furthermore, a growing
number of studies demonstrates that also additional sleep in the
form of daytime naps benefits memory function in non-sleep-
deprived subjects (e.g. Mednick et al., 2003; Korman et al., 2007).
Of note, even a nap as short as 6 min has been shown sufficient to
promote memory performance (Lahl et al.,, 2008), and for some
memory systems the benefit of a daytime nap is comparable to
a whole night of sleep (Mednick et al., 2003). In general, the size of
the sleep effect on memory consolidation seems to depend on the
involved memory system: While for declarative learning effect
sizes of sleep are in the medium range (e.g. Gais et al., 2006), sleep
effects on procedural or perceptual learning are large (Fischer et al.,
2002) or very large (Karni et al., 1994). Besides its stabilizing
function, sleep boosts certain kinds of memories even above the
level of initial acquisition: Procedural memories like motor skills
typically reach a plateau after some time of training — however
after a night of sleep motor performance starts from a higher level
despite the absence of further training (Walker et al., 2002).
Interestingly, the sleep-memory relationship is specifically influ-
enced by personal factors like gender, hormonal status or mental
health (Dresler et al., 2010; Genzel et al., 2012).

The neural mechanisms underlying the effects of sleep on
memory consolidation are still poorly understood. A major point of
discussion is the question if newly formed memories profit from
rather passive homeostatic processes (Tononi and Cirelli, 2003) or
are actively consolidated during sleep. While several animal studies
demonstrated a neuronal replay of activation patterns during sleep
that were associated with recent memories (Wilson and
McNaughton, 1994; Ji and Wilson, 2007), a study with humans
utilizing memory-related odor cues during sleep could demon-
strate a causal role of sleep for memory consolidation (Rasch et al.,
2007). For several years it was thought that rapid eye movement
(REM) sleep supports the consolidation of procedural memories
while non-REM sleep supports declarative memories like verbal
information, however recent studies suggested that this model was
too simplistic (Genzel et al., 2009; Rasch et al., 2009; Dresler et al.,
2011). Instead of global sleep stages, the role of physiological
microprocesses during sleep gained attention. In particular the
interaction of hippocampal sharp wave ripples, thalamo-cortical
sleep spindles, and cortical slow oscillations is thought to play
a physiological key role in the consolidation of memories (Moélle
and Born, 2011).

Anecdotal reports on scientific discovery, inventive originality,
and artistic productivity suggest that also creativity can be trig-
gered or enhanced by sleep. Several studies confirm these anec-
dotes, showing that sleep promotes creative problem solving
compared to wakefulness. For example, when subjects performed
a cognitive task, which could be solved much faster through
applying a hidden rule, after a night of sleep more than twice as
many subjects gained insight into the hidden rule as in a control
group staying awake (Wagner et al., 2004). Like sleep-related
memory enhancement, active processes during sleep seem to
promote creativity: If applied during sleep, olfactoric stimuli that
were associated with creativity tasks before sleep trigger insights
overnight (Ritter et al., in press). In particular REM sleep, the sleep
stage most strongly associated with intense dreaming, enhances
the formation of associative networks in creative problem solving
(Cai etal., 2009). Selective deprivation of REM sleep but not of other
sleep stages impairs post-sleep performance in creativity tasks that
are presented to the subjects before sleep (Cartwright, 1972;

Glaubman et al., 1978). Subjects show greater cognitive flexibility in
creativity tasks immediately after awakenings from REM sleep
compared to awakenings from other sleep stages (Walker et al.,
2002).

Both theoretical models and empirical research of creativity
suggest that sleep is a highly effective creativity enhancer (Dresler,
in press). The historical standard model proposes a passive incu-
bation phase as an essential step to creative insights (Helmholtz,
1896). Psychoanalytical models emphasize primary process
thinking for creative cognitions — which is explicitly conceptual-
ized as dream-like (Kris, 1952). Cognitive models propose that flat
association hierarchies and a state of defocused attention facilitate
creativity (Mednick, 1962). Hyper-associativity and defocused
attention are phenomenal features of most dreams, physiologically
probably caused by prefrontal cortex deactivation (Hobson and
Pace-Schott, 2002). Physiological models suggest a high vari-
ability in cortical arousal levels as beneficial for creativity
(Martindale, 1999), and the sleep cycle can be considered as a prime
example of such arousal variability. The chaotic activation of the
cortex in REM sleep through brainstem regions in absence of
external sense data leads to a much more radical renunciation from
unsuccessful problem solving attempts, leading to co-activations of
cognitive data that are highly remote in waking life. These co-
activations, woven into a dream narrative in a self-organizing
manner, repeatedly receive further innervations by the brainstem,
leading to bizarre sequences of loosely associated dream topics that
might eventually activate particular problem-relevant cognitions or
creative cognitions in general (Hobson and Wohl, 2005). In
conclusion, the phenomenological and neural correlates of sleep
provide ideal incubation conditions for the genesis of creative ideas
and insights.

6. Meditation

Meditation has been emphasized as a discipline that promotes
mental well-being, however recent research also suggests that it
benefits several cognitive capacities. Meditation has been concep-
tualized as a family of complex emotional and attentional regula-
tory training regimes (Lutz et al., 2008). Such approaches include
ancient Buddhist mindfulness meditations such as Vipassana and
Zen meditations, but also several modern group-based standard-
ized meditations (Chiesa and Malinowski, 2011). In the focus of
current research are two rather traditional approaches: focused
attention meditation and open monitoring meditation, which
involve voluntary focusing of attention on a chosen object or non
reactive monitoring of the content of experience from moment to
moment (Lutz et al.,, 2008). During recent years, the effects of
meditation practice were systematically studied also in western
laboratories, and a rapidly growing body of evidence demonstrates
that meditation training enhances attention and other cognitive
capacities. For example, in comparisons of experienced meditators
with meditation-naive control subjects, meditation practice has
been associated with increased attentional performance and
cognitive flexibility (Moore and Malinowski, 2009; Hodgins and
Adair, 2010). In longitudinal studies, three months of meditation
training could be shown to enhance attentional capacity (Lutz et al.,
2009), perception and vigilance (MacLean et al., 2010). Even a brief
training of just four meditation sessions was sufficient to signifi-
cantly improve visuo-spatial processing, working memory and
executive functioning (Zeidan et al., 2010). A recent systematic
review associated early phases mindfulness meditation training
with significant improvements in selective and executive attention,
whereas later phases were associated with improved sustained
attention abilities. In addition, meditation training was proposed to
enhance working memory capacity and some executive functions



534 M. Dresler et al. / Neuropharmacology 64 (2013) 529—543

(Chiesa et al., 2011). A recent meta-analysis of the effects of
meditation training reported medium to large effect sizes for
changes in emotionality and relationship issues, medium effect
sizes for measures of attention and smaller effects on memory and
several other cognitive capacities (Sedlmeier et al., in press).

Also the neurophysiological mechanisms underlying meditation
practice and its relation to cognition have been addressed. Elec-
troencephalographic (EEG) studies have revealed a significant
increase in alpha and theta activity of subjects that underwent
a meditation session (Kasamatsu and Hirai, 1966; Murata et al.,
1994). Neuroimaging studies have shown that meditation practice
activates or deactivates brain areas comprising the prefrontal
cortex and the anterior cingulate cortex (Holzel et al., 2007), the
basal ganglia (Ritskes et al., 2003), the hippocampus, the pre- and
post-central gyri as well as the dorsolateral prefrontal and parietal
cortices (Lazar et al., 2000). Focusing on attention studies, it has
been demonstrated that long-term meditation supports enhance-
ment in the activation of specific brain areas, while also promoting
attention sustainability (Davidson et al., 2003). Different studies
have also emphasized the role of meditation as a mental process
that modulates plasticity in neural circuits commonly associated to
attention (Davidson and Lutz, 2008). fMRI studies have demon-
strated a reduction of neural responses in widespread brain regions
that are linked to conceptual processing, which suggests enhanced
neural efficiency, probably via improved sustained attention and
impulse control (Pagnoni et al., 2008; Kozasa et al., 2012). More-
over, PET studies have demonstrated an increase of dopamine
release in the ventral striatum as a result of yoga meditation, which
in turn suggest regulation of conscious states at the synaptic level
(Kjaer et al., 2002). In addition, some studies have suggested that
meditation practice is associated with structural brain changes.
Compared to meditation-naive control subjects, long-term medi-
tators showed significant larger volumes of the right hippocampus
and orbitofrontal cortex (Luders et al., 2009) and significant greater
cortical thickness in brain regions associated with attention,
interoception and sensory processing, including the prefrontal
cortex and right anterior insula (Lazar et al., 2005). In a longitudinal
study with meditation-naive subjects undergoing an 8-week
meditation program, gray matter increases in the hippocampus
and other brains regions have been observed (Hélzel et al., 2011).

7. Mnemonics

In modern society, the ability to cope with verbal or numerical
information becomes increasingly important. However, our
learning skills evolved to handle concrete visuo-spatial rather than
abstract information: While we can easily remember our last
birthday party in great detail and typically don’t have any problems
recalling a once walked route including dozens or even hundreds of
single sights and branches, most of us have a very hard time
memorizing telephone numbers, foreign vocabularies or shopping
lists. The most common way to memorize such information is rote
learning: We take up the information to be remembered into our
short-term memory and repeat it over and over again. However,
such a procedure is slow and inefficient — in particular due to
a severe limitation of short term memory capacity: As Miller (1956)
observed more than half a century ago, the number of arbitrary
information chunks an average human can hold in short-term
memory is seven, plus or minus two. In contrast, some few indi-
viduals show memory skills far beyond this normal range: Already
a century ago some case reports mention exceptional memorizers
with memory spans of several dozens digits (Brown and
Deffenbacher, 1975). In a seminal case study, a normal college
student was trained over the course of two years, eventually
reaching a memory span of 82 digits read at the pace of one digit

per second (Ericsson et al., 1980). Since the early 1990s, the top
participants of the annual World Memory Championships regularly
prove memory spans of hundreds of digits (Konrad and Dresler,
2010). However, such superior memorizers do not seem to
exhibit structural brain changes or superior cognitive abilities in
general, but acquired their skills by deliberate training in the use of
mnemonic techniques (Brown and Deffenbacher, 1988; Maguire
et al., 2003; Ericsson, 2009).

To cope with the limitations of natural memory, humans have
always used external remembering cues (D’Errico, 2001). The term
mnemonics is typically used to denote internal cognitive strategies
aimed to enhance memory. Parallel to their success in memory
artistry and memory sports, several mnemonics have been shown
to strongly enhance memory capacity in scientific studies (Bellezza,
1981; Worthen and Hunt, 2011a, 2011b). Probably most prominent
is the so called method of loci, an ancient technique used extensively
by Greek and Roman orators (Yates, 1966). It utilizes well estab-
lished memories of spatial routes: During encoding, to-be-
remembered information items have to be visualized at salient
points along such a route, which in turn has to be mentally retraced
during retrieval. A second powerful mnemonic is the phonetic
system, which is designed to aid the memorization of numbers:
Single digits are converted to letters, which are then combined to
form words. Both the method of loci and the phonetic system have
been shown to be very effective and even increase their efficacy
over time, i.e. at delayed recall after several days compared to
immediate recall (Bower, 1970; Roediger, 1980; Bellezza et al., 1992;
Hill et al.,, 1997; Higbee, 1997; Wang and Thomas, 2000). A third
mnemonic that has to be shown effective is the keyword method,
designed specifically to enhance the acquisition of foreign vocab-
ulary (Raugh and Atkinson, 1975), but also helps to learn scientific
terminology (Rosenheck et al., 1989; Brigham and Brigham, 1998;
Balch, 2005; Carney and Levin, 1998). It associates the meaning of
a to-be-remembered term with what the term sounds like in the
first language of the learner.

A recently published broad overview on mnemonics demon-
strates that research into these techniques has lost attention since
1980 (Worthen and Hunt, 2011b). In particular neurophysiological
data on mnemonics is sparse. A seminal study on expert
mnemonics users found that during mnemonic encoding brain
regions are engaged that are critical for spatial memory, in partic-
ular parietal, retrosplenial and right posterior hippocampal areas
(Maguire et al., 2003). Likewise, the superior digit memory of
abacus experts was associated specifically with visuo-spatial
information processing brain regions (Tanaka et al., 2002). Here,
abacus skill can be interpreted as a mnemonic for digit memorizing.
In two studies with novices taught in the method of loci, mne-
monical encoding led to activation increases particularly in
prefrontal and occipito-parietal areas, while mnemonic-guided
recall led to activation increases particularly in left-sided areas
including the parahippocmpal gyrus, retrosplenial cortex and pre-
cuneus (Nyberg et al., 2003; Kondo et al., 2005).

Another strategic method to enhance memory retention that
has gained attention in recent years is retrieval practice. While
retrieval of learned information in testing situations is traditionally
thought to simply assess learning success, repeated retrieval itself
has been shown to be a powerful mnemonic enhancer, producing
large gains in long-term retention compared to repeated studying
(Roediger and Butler, 2011). For example, when students have to
learn foreign vocabulary words, repeated studying after the first
learning trial had no effect on delayed recall after one week, while
repeated testing produced a surprisingly large effect on long-term
retention (Karpicke and Roediger, 2008). Besides vocabulary
learning, also text materials profit from repeated retrieval (Karpicke
and Roediger, 2006, 2010). Interestingly, study participants seem to
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be unaware of this effect, overestimating the value of repeated
study and underestimating that of repeated retrieval (Karpicke and
Roediger, 2006, 2008). Effects of retrieval practice were even
shown to produce greater success in meaningful learning than
elaborative studying strategies, which are designed to lead to
deeper learning and therefore hold a central place in contempo-
rary education (Karpicke and Blunt, 2011). On the neural level,
repeated retrieval leads to higher brain activity in the anterior
cingulate cortex during retest, which was interpreted as an
enhanced consolidation of memory representations at the systems
level (Eriksson et al., 2011).

In conclusion, mnemonic strategies can be seen as strong and
reliable enhancers of learning and memory capacity. While their
immediate benefits for easy-to-learn material seem to be in the
small to medium effect size range, the effectiveness of mnemonics
strikingly grows with task difficulty or retention time and can reach
effect sizes in terms of Cohen'’s d of larger than 3 or 4 (e.g. Higbee,
1997; Karpicke and Roediger, 2008). Of note, the benefits of
mnemonics in population groups with particular cognitive training
needs as e.g. in age-related cognitive decline seem to be less
pronounced (Verhaeghen et al., 1992), however still can reach large
effect sizes if memory is assessed after prolonged retention time
(Hill et al., 1997).

8. Computer training

The rapid growth of computer game popularity in adolescents
has generated concern among practitioners, parents, scholars and
politicians. For violent computer games, detrimental effects have
been reported in the social domain, namely increases in aggression
and reductions of empathy and prosocial behavior (Kirsh and
Mounts, 2007; Anderson et al., 2010). But favorable effects of
frequent computer game playing have also been observed.
Computer games allow repeated, sometimes rewarding, training of
various mental tasks with variation and interactivity. While
improved performance on the tasks inside the games is unsur-
prising, they may also be able to transfer their effects to other
cognitive domains or enhance general cognitive abilities.

Much interest has been focused on enhancing long term
memory or brain plasticity in healthy or mildly impaired older
adults using training programs, especially to prevent dementia and
age related cognitive decline (Cotelli et al., 2012; Tardif and Simard,
2011). Computerized training programs have shown moderate
improvements of memory that are sustained 3 months after end of
training (Mahncke et al., 2006). Other studies have found
improvements in memory and attention (Smith et al, 2009;
Zelinski et al., 2011), executive function and processing speed
(Nouchi et al., 2012; Basak et al., 2008) and working memory and
episodic memory in young and older adults (Schmiedek et al.,
2010). However, a large six-week online study did not find
evidence for transfer (Owen et al., 2010). Also, although comput-
erized brain training games have become a major industry it is not
clear that the commercial games transfer to untrained tasks
(Fuyuno, 2007; Ackerman et al., 2010).

Computer games appear to be able to train visual skills, such as
visuo-spatial attention, number of objects that can be attended and
resolution of visual processing (Achtman et al., 2008; Hubert-
Wallander et al., 2011). Playing the game Tetris improved mental
rotation and spatial visualization time (Okagaki and Frensch, 1994),
and computer game training improved contrast sensitivity (Li et al.,
2009), spatial visual resolution (Green and Bavelier, 2007) and task-
switching (Strobach et al., 2012). However, these enhanced abili-
ties, although not tied directly to the gaming task, might never-
theless be limited to similar domains. For example, a study found
that games enhance navigation performance in desktop and

immersive virtual environment but not real environments
(Richardson et al., 2011).

Regular or expert gamers show various improvements in mental
ability compared to non-gamers. For example, first-person-shooter
game players showed greater cognitive flexibility than non-players
(Colzato et al., 2010), players enumerate better (Green and Bavelier,
2006), have faster visual search (Castel et al., 2005), have better
visual attention (Green and Bavelier, 2003), track object color and
identity better (Sungur and Boduroglu, 2012), and have improved
psychomotor skills (Kennedy et al., 2011). However, 20+ hour
training on computer games did not improve non-video gamers on
mental tasks (visual short term memory, task switching, mental
rotation) where expert video gamers excelled (Boot et al., 2008).
Either pre-existing group differences (or self-selection) make the
experts more skilled or amenable to training, or a longer training
period is needed. This appears to be a general problem in studying
enhancing game effects that need to be circumvented in further
studies (Boot et al., 2011).

A cognitive domain that has raised increasing attention in recent
years is working memory. Working memory is useful for a variety of
cognitive tasks, including intelligence. It can also be trained using
computerized tasks such as the n-back task, where the difficulty is
increased to remain challenging for the player. Working memory
training has been tried for various therapeutic purposes, partially
because of its correlation with executive function, but also has also
been applied in preschool children, where it transferred to
improvement of a fluid intelligence-related task (Thorell et al.,
2009; Nutley et al., 2011). Also in healthy adults transfer to fluid
intelligence from working memory training has been observed
(Jaeggi et al., 2008, 2010). However, the evidence of transfer has
been questioned by some authors (Shipstead et al., 2010) and some
attempts at replication of transfer effects outside working memory
have been unsuccessful (Dahlin et al., 2008; Holmes et al., 2010;
Redick et al., in press). Individual differences in training perfor-
mance predict the transfer effects (Jaeggi et al., 2011). Short- and
long-term benefits of cognitive training and different types of
training (training core working memory or strategy) might have
different transfer effects (Morrison and Chein, 2011). Neuro-
biologically, working memory training does appear to increase
prefrontal and parietal activity (Olesen et al., 2004), white matter
volume (Takeuchi et al., 2010), and prompt changes in the density
of dopamine D1 receptors (McNab et al., 2009).

Cognitive enhancement through games and computerized
training is a promising method, but not all commercial games will
have optimal cognitive effects (Hubert-Wallander et al., 2011). Effect
sizes of computerized training strongly depend on the cognitive
domain trained and tested, with processing speed and perceptual
measures showing medium to large effect sizes, while effects for
different memory domains are only in the small or medium range
(Mahncke et al., 2006; Smith et al., 2009; Schmiedek et al., 2010;
Zelinski et al., 2011). What forms of training produce reliable and
strong transfer to useful domains remains to be determined. The
availability and self-motivating aspects of games is an important
advantage over many other methods of cognitive enhancement.

9. Brain stimulation

Several forms of electrical brain stimulation have been devel-
oped, acting by non-specifically influencing regions of the brain
rather than sending physiological signals. They were developed for
therapeutic purposes in psychiatry or neurology, but have in some
cases exhibited enhancing effects on cognition of healthy individ-
uals (Hoy and Fitzgerald, 2010; McKinley et al., 2012). Some of these
methods are non-invasive, while other achieve greater target
specificity by placing electrodes inside or on the brain.
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Transcranial direct current stimulation (tDCS) involves sending
a small electric current (typically 1-2 mA) between two electrodes
placed on the scalp (Been et al., 2007). The technique seems to work
by changing the likelihood of neural firing in superficial parts of the
cortex: neurons under the anode neurons become hyperpolarized
and less excitable, while neurons under the cathode become
depolarized and more excitable. This produces different effects
depending on polarity and electrode placement, which can outlast
the stimulation by more than an hour (Nitsche et al., 2005). The
method appears to have few adverse effects (Poreisc et al., 2007).
Transcranial magnetic stimulation (TMS) employs a coil to deliver
brief magnetic pulses to the scalp, inducing electric currents in the
brain. Various modalities (single-pulse, paired-pulse, high and low
frequency repetitive) are available and have different cognitive
effects, including interference with activity as well various forms of
enhancement (Rossi and Rossini, 2004). The effects are likely
mediated by similar changes in excitation and inhibition as in tDCS,
which in turn might involve changes in synaptic plasticity (Nitsche
et al., 2003a, 2003b). TMS has a low number of reported side effects
in healthy subjects, typically headaches or local pain, and is
generally regarded as quite safe. The most serious risk is the
occurrence of seizure, often due to incorrect stimulation parame-
ters or use of medications that lower the seizure threshold
(however, even in epileptic patients the crude risk during high
frequency rTMS is 1.4%; Rossi et al., 2009). Invasive methods for
brain stimulation include deep brain stimulation (DBS) and direct
vagus nerve stimulation (dVNS). In DBS electrodes are implanted in
deep brain structures and used to modulate their activity through
high frequency stimulation. dVNS exploits that stimulation of
afferent vagal fibers appears to modulate the central nervous
system, perhaps by stimulating brainstem structures (Krahl et al.,
1998; Groves and Brown, 2005). The stimulating signal is typi-
cally generated by a pacemaker-like device placed under the chest
skin. These methods have the drawback of requiring surgery (Kuhn
et al., 2010; Ben-Menachem, 2001), but can also provide continual
stimulation unlike the non-invasive methods.

Several studies demonstrated enhancing effects of various brain
stimulation methods on learning and memory. Learning enhancing
effects have been reported for tDCS (Chi et al., 2010; Clark et al.,
2012; Javadi et al., 2011; Kincses et al., 2003; Reis et al., 2008),
DBS (Williams and Eskandar, 2006; Hamani et al., 2008; Suthana
et al., 2012) and dVNS (Clark et al., 1999). These results suggest
that the changes in excitability induced by tDCS, TMS and dVNS can
help memory encoding, while DBS has the potential to directly
affect the modulation of memory systems. Anodal tDCS during slow
wave sleep also enhanced memory consolidation (Marshall et al.,
2004), perhaps by boosting slow wave oscillations (Marshall
et al,, 2006). Recall of names of famous people (but not land-
marks) was improved by anterior temporal lobe tDCS (Ross et al.,
2010). Speed of recall could also be enhanced by galvanic stimu-
lation of the vestibular nerves (Wilkinson et al., 2008) and paired
pulse TMS stimulation during encoding (left dorsolateral prefrontal
cortex) or retrieval (right dorsolateral prefrontal cortex) (Gagnon
et al, 2010). Learning and recall of words were enhanced by
anodal (hyperpolarizing) tDCS stimulation of left dorsolateral
prefrontal cortex during encoding and cathodal stimulation during
retrieval (Javadi and Walsh, 2011). tDCS has been found able to
enhance performance on working memory tasks (Fregni et al.,
2005; Luber et al., 2007; Teo et al., 2011; Ohn et al., 2008). Sleep-
deprivation induced impairment of a visual working memory task
was reduced by rTMS (Luber et al., 2008). Low frequency TMS and
tDCS applied to the temporal lobe can reduce the incidence of false
memories (Gallate et al., 2009; Boggio et al., 2009). The improve-
ment of associative learning from tDCS appears able to carry over to
implicit learning (Kincses et al., 2003) and numerical learning

(Kadosh et al., 2010). In the latter case arbitrary symbols were
shown, and subjects developed long-lasting (6 months) automatic
numerical processing and number-to-space mappings for them
similar to ordinary numbers.

Also for procedural skills there has been much interest in the
ability of TMS to influence brain plasticity, mainly in order to help
rehabilitation and therapy (Schabrun and Chipchase, 2012). TMS
appears able to modulate short-term motor cortex plasticity
(Ziemann et al., 1998). Brain stimulation of the motor areas using
TMS and tDCS has been found to enhance learning motor tasks
(Nitsche et al., 2003a, 2003b; Reisa et al., 2009). The enhancement
can often be ascribed to reducing intra-hemispherical “rivalry” by
disrupting the opposite side (Kobayashi et al., 2004; Biitefisch et al.,
2004).

Also other cognitive domains were shown to be enhanced by
brain stimulation. Verbal fluency was increased by left prefrontal
tDCS (lyer et al., 2005), picture-word verification speeded up by
rTMS in Broca’s area (Dréger et al.,, 2004) and picture naming by
r'TMS of Wernicke’s area (Mottaghy et al., 1999). rTMS can improve
visual spatial attention on one side by impairing the other side
(Hilgetag et al., 2001; Thut et al., 2004). Brain stimulation may also
have beneficial effects for more complex mental functions. rTMS
delivered to the frontal or parietal lobe improved accuracy on the
mental rotation task (Klimesch et al, 2003). rTMS over the
prefrontal cortex speeded up analogic reasoning, but did not
change the error rate (Boroojerdi et al., 2001). tDCS inhibition of the
left anterior temporal lobe improved the ability to solve matchstick
problems, apparently by reducing mental set and allowing more
loose associations (Chi and Snyder, 2011). In one of the few
ecologically relevant tests of brain stimulation, tDCS of the dorso-
lateral prefrontal cortex promoted a more careful driving style in
a car simulation (Beeli et al., 2008). This might represent a lowering
of risk-taking rather than better planning.

Cognitive processes can be enhanced by inhibiting other brain
regions that would otherwise have an interfering effect. TMS can
reduce interference between similar-sounding words in phono-
logical memory, improving recall (Kirschen et al., 2006) and
reduce distractors in visual search (Hodsoll et al., 2009). It has
been claimed that rTMS inhibition of the frontotemporal region
produces (besides reduction in immediate recall) savant-like
abilities in drawing, mathematics, calendar calculating and
proofreading (Young et al., 2004; Snyder et al., 2003). However,
individual variations were large compared to the sample size,
undermining statistical power. Other experiments along the same
lines have hinted at improved number estimation (Snyder et al.,
2006).

The efficacy of brain stimulation strongly depends on applying it
to the right region; the most successful studies are in general fMRI
guided so that they can place electrodes over the right part of the
cortex. Individual variation in anatomy and response appear large.
Enhancement also depends on selecting the stimulated area to fit
the task: there does not exist any generally enhancing effects
(beyond, arguably, increases in arousal). Understanding what areas
should be inhibited or excited is nontrivial. The effect sizes of the
enhancement appear small to modest, however single studies
report also larger effects (e.g. Chi et al, 2010). From a risk
perspective non-invasive brain stimulation appears unproblematic,
while a significant number of patients with long-term DBS have
hardware-related complications (Oh et al., 2002) beside compli-
cations from the initial surgery. Implants are costly, making equal
distribution hard, while TMS and especially tDCS are far less
expensive. In fact, the potential low cost and ease of tDCS might be
cause for concern in the form of amateur use/abuse. While there are
so far no indications that any ethically dubious or risky applications
have been found, anecdotal evidence suggests that amateurs are
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trying to perform tDCS (e.g. http://flowstateengaged.com). There is
also a risk of premature use of the technology based on hype or
speculation, including on vulnerable groups such as children. Since
long-term effects on brain plasticity and development are
unknown this is a cause for concern (Kadosh et al., 2012).

10. Ethical issues

Just as diverse as the many enhancement strategies are in terms
of their effectiveness, potential side-effects and mode of func-
tioning, so are the ethical worries they may raise. In respect to
safety and side-effects, every method requires detailed analysis of
its own. Most interventions benefit only specific cognitive domains
and have little or no effects on others. Some interventions such as
physical exercise or meditation might exert rather small benefits on
cognitive capacities when compared to other enhancers, however
have additional benefits such as enhanced mental or physical
health without known side effects. Some methods like brain
stimulation or pharmaceuticals might be save if applied by an
experienced practitioner, however can be misused by unexper-
ienced users. Some highly effective methods such as mnemonic
training or sleep are safe and available to everybody, however are
rather time consuming. Defining an adequate cost-benefit ratio for
the use of neurotools is one of the central open questions in the
enhancement debate. Reasonable minds come to different
conclusions about the scope of acceptable risks for non-medically
indicated interventions, and it remains to be argued whether this
decision should be left entirely to physicians and patients or be
regulated on the political level.

Also apart from questions of risks and benefits, the ethical
debate on cognitive enhancers has to compare pharmacological
and non-pharmacological interventions. For instance, the use of
pharmaceutical enhancers is often portrayed as an undesirable
shortcut (Manninen, 2006; Freedman, 1998). Shortcuts as such are
nothing to be concerned about — on the contrary, using more
effective tools to reach goals is one of the main reasons for
economic and personal development. Sometimes, however, taking
the longer (non-pharmacological) route may have additional
benefits. Supporting cognition in form of appropriate nutrition,
mnemonic training or meditative practice requires a lot of plan-
ning, self-discipline, dedication and strength of will. Therefore,
their use may foster secondary virtues, the feeling of self-mastery
and achievement, endurance, self-confidence and may confer
self-knowledge (Kipke, 2010). In respect to personal development
and the ethics of a good life, understood not just as experiencing
happiness but rather as having conscious contact with reality and
being aware of one’s own strengths and weaknesses (Nozick, 1974),
these are additional benefits which should be taken into account in
decisions on how to form and sculpture one’s personality.

These benefits of some non-pharmacological means, however,
may come at the price of efficacy — provided of course that phar-
macological shortcuts turn out to be more effective. Comparing
different cognitive enhancers in this regard is difficult because of
a striking paucity of studies testing different interventions with
comparable tasks. As measured targets are often broad categories
such as vigilance, attention or memory, and as it is likely that
different means affect various subfunctions of cognition, one can
draw only weak inferences. Mnemonics, for instance, may improve
specific memory systems while pharmaceuticals may improve
others. What would be needed are studies designed to compare
different interventions in a straightforward manner and preferably
in real-life tasks. At the moment, the hype around pharmaceutical
enhancers can hardly be backed up scientifically, whereas some
non-pharmacological methods are proven to be highly effective in
certain cognitive domains.

On the social level, pharmaceuticals raise the worry of phar-
macologization of life, as Healy (2008) put it: “Birth, Ritalin, Prozac,
Viagra, Death”. Increasing numbers of neuro-interventions may
indeed be the inevitable consequence of increasing knowledge
about brain processes. Most likely, neuroscientific progress will
reveal not only benefits, but also drawbacks of such interventions,
enabling potential users to balance reasons for or against a given
enhancer. The real objection might rather be that people who want
to live a more natural life or are unwilling to take the risks of
pharmaceuticals are pressured into doing so. On a first glance, the
same may be held against non-pharmacological enhancement
methods. However, a more fine-grained look at social pressure is
necessary. Every society partially structured in competitive terms
exerts pressure on the individual. Ethical problems arise in respect
to the intensity of this coercion and its negative consequences for
the individual’s life. Job markets in mental economies demanding
high cognitive performance are troublesome if they pressure
persons into consuming substances with undesirable side effects
only for job reasons. We may indeed not welcome a society in
which cognitive powers are boosted on the expense of, say,
emotional skills or general health. In this light, several non-
pharmacological enhancement strategies seem to fare better: It
seems a far more reasonable burden to make use of e.g. proper
nutrition, mnemonics, sports or meditation, which have only
positive side effects if any, than of currently available pharmaceu-
ticals, for which side effects are currently unknown particularly for
long-term use. At least, the social pressure on those who do not
want to use traditional methods seems not of a kind that could
warrant prohibitive regulations.

A related worry is that cognitive enhancers may undermine
fairness in social competition (“mind doping”). The often drawn
analogies to sports, however, are short-sighted. The world of sports
is characterized by competition for its own sake and promotes its
own values (the “spirit of sports”) and hence cannot serve as
a model for social cooperation at large. From an egalitarian
perspective, it is noteworthy that some non-pharmacological
enhancers (e.g. mnemonics) may even widen the cognitive gap as
they are more effective in cognitively already high-functioning
individuals, while many pharmaceuticals, by contrast, mainly
seem to compensate acute or chronic cognitive impairments.
Likewise, physically disabled individuals cannot profit much from
physical exercise; people with certain allergies cannot profit from
certain nutritional enhancers. So more generally, just as pharma-
ceuticals raise worries about equal access (Farah et al.,, 2004), so
may non-pharmacological methods. Thus, in regard to almost every
enhancement method, some people may benefit more than others,
and hence, arguments over equality are not confined to
pharmaceuticals.

After all, pharmaceutical or other enhancers are not intrinsically
ethically dubious. Rather, the problem individuals and societies
may increasingly face in the future is finding the right balance
between efficient direct interventions and traditional methods
which may be more resource consuming but may hold additional
benefits. In a world of limited resources, society will have to strike
balances between optimizing human cognition and preserving
valuable emotional propensities and individuals’ peculiarities. This
is a complex task without a firm default position. To make good
decisions, a stable empirical basis is needed. Therefore, more
research should be devoted to both pharmacological and non-
pharmacological interventions, preferably in a way that allows
comparing efficacy and side-effects. In light of the latter,
a presumption in favor of traditional methods is a prudent position.
Thus, the “gold standard” for cognitive enhancers should not be the
best pill among pills, but better than other neurotools, first and
foremost, traditional ways. Concededly, financial interests seem to
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favor development of patentable and marketable pharmaceuticals
over developing or refining the ancient ars memoriae, promoting
smart foods, getting enough sleep or other mental or physical
exercise. For society at large, however, the latter may be the better
way.

11. Conclusions

Does a cup of coffee or a nap wake you up better? Would
learning memory techniques or taking a memory enhancing drug
improve your study results best — and what would they do to your
mood and attention? If methylphenidate affects creativity, what
about working memory training? There exist many cognitive
enhancement interventions. Some, such as sleep, meditation,
exercise or nutrition, are based on traditional and widely accepted
habits. Some, such as pharmaceuticals, computer games or brain
stimulation, are modern and controversial. Interventions in the
mind are, in a wide sense, an everyday and commonplace
phenomenon. As Eric Kandel remarked, every conversation
changes the brain. But the range of possible techniques to change
and enhance the mind, from talking to deep-brain stimulation, is
wide. In order to find reasonable ways of using them, their simi-
larities and differences need to be evaluated. It is only a matter of
time when brain research and cognitive neurotechnology will
pervade our society, presumably this development is irreversible.
Surprisingly, not much data exist that would allow relative
comparisons of the efficacy of different interventions, although
many ethical discussions seem to presume that it is available. The
purpose of ethical debates is not only to build possible future
scenarios, in which side effect-free smart pills are available to boost
any cognitive capacity, but also to evaluate current possibilities and
constraints of cognitive enhancement. Comparative and differential
research on the variety of currently existing cognitive enhancers is
strongly needed to inform the bioethical debate.

Role of the funding source

This work was funded by a grant of the Volkswagen Foundation,
Germany. The Volkswagen Foundation had no role in the design,
data collection, data analysis, data interpretation, or writing of the
manuscript. The authors report no conflicts of interest.

References

Achtman, R, Green, C., Bavelier, D., 2008. Video games as a tool to train visual skills.
Restorative Neurology and Neuroscience 26, 435—446.

Ackerman, P., Kanfer, R., Calderwood, C., 2010. Use it or Lose it? Wii brain exercise
practice and reading for domain knowledge. Psychology and Aging 25,
753—766.

Adan, A., Serra-Grabulosa, J.M., 2010. Effects of caffeine and glucose, alone and
combined, on cognitive performance. Human Psychopharmacology 25,
310-317.

Addicott, M.A,, Laurienti, PJ., 2009. A comparison of the effects of caffeine following
abstinence and normal caffeine use. Psychopharmacology 207, 423—431.

Anderson, C.A., Shibuya, A., Ihori, N., Swing, E.L., Bushman, BJ., Sakamoto, A.,
Rothstein, H.R., Saleem, M., 2010 Mar. Violent video game effects on aggression,
empathy, and prosocial behavior in eastern and western countries: a meta-
analytic review. Psychological Bulletin 136 (2), 151-173.

Balch, W.R., 2005. Elaborations of introductory psychology terms: effects of test
performance and subjective ratings. Teaching of Psychology 32, 29—34.

Ballon, J.S., Feifel, D., 2006. A systematic review of modafinil: potential clinical uses
and mechanisms of action. Journal of Clinical Psychiatry 67, 554—566.

Balsters, J.H., O’Connell, R.G., Martin, M.P,, Galli, A., Cassidy, S.M., Kilcullen, S.M.,
et al.,, 2011. Donepezil impairs memory in healthy older subjects: behavioural,
EEG and simultaneous EEG/fMRI biomarkers. PLoS One 6, e24126.

Baranski, J., Pigeau, R.A., 1997. Self-monitoring cognitive performance during sleep
deprivation: effects of modafinil, d-amphetamine and placebo. Journal of Sleep
Research 6, 84—91.

Basak, C., Boot, W.R., Voss, M.\W., Kramer, A.F, 2008. Can training in a real-time
strategy video game attenuate cognitive decline in older adults? Psycholog-
ical Aging 23 (4), 765—777.

Beeli, G., Koeneke, S., Gasser, K., Jancke, L., 2008. Brain stimulation modulates
driving behavior. Behavioral Brain Research 4 (34).

Been, G., Ngo, T.T,, Miller, S.M., Fizgerald, P.B., 2007. The use of tDCS and CVS as
methods of non-invasive brain stimulation. Brain Research Reviews 56,
346-361.

Beglinger, LJ., Gaydos, B.L, Kareken, D.A. Tangphao-Daniels, O., Siemers, E.R.,
Mohs, R.C., 2004. Neuropsychological test performance in healthy volunteers
before and after donepezil administration. Journal of Psychopharmacology 18,
102—-108.

Beglinger, LJ., Tangphao-Daniels, O., Kareken, D.A., Zhang, L., Mohs, R., Siemers, E.R.,
2005. Neuropsychological test performance in healthy elderly volunteers before
and after donepezil administration: a randomized, controlled study. Journal of
Clinical Psychopharmacology 25, 159—165.

Bellezza, F.S., 1981. Mnemonic devices: classification, characteristics, and criteria.
Review of Educational Research 51, 247—-275.

Bellezza, E.S,, Six, L.S., Phillips, D.S., 1992. A mnemonic for remembering long strings
of digits. Bulletin of the Psychonomic Society 30, 271-274.

Ben-Menachem, E., 2001. Vagus nerve stimulation, side effects, and long-term
safety. Journal of Clinical Neurophysiology 18, 415—418.

Benton, D., Owens, D.S., 1993. Blood glucose and human memory. Psychopharma-
cology (Berl) 113 (1), 83—88.

Benton, D., Owens, D.S., Parker, P.Y., 1994. Blood glucose influences memory and
attention in young adults. Neuropsychologia 32, 595—607.

Boggio, P.S., Fregni, F, Valasek, C., Ellwood, S., Chi, R, Gallate, ]J., et al, 2009.
Temporal lobe cortical electrical stimulation during the encoding and retrieval
phase reduces false memories. PLoS One 4 (3), e4959.

Bonnet, M.H., Balkin, TJ., Dinges, D.F., Roehrs, T., Rogers, N.L., Wesensten, NJ., 2005.
The use of stimulants to modify performance during sleep loss: a review by the
sleep deprivation and Stimulant Task Force of the American Academy of Sleep
Medicine. Sleep 28, 1163—1187.

Boot, W.R., Kramer, A.F,, Simons, D.J., Fabiani, M., Gratton, G., 2008. The effects of
video game playing on attention, memory, and executive control. Acta Psy-
chologica 129, 387—398.

Boot, W.R., Blakely, D.P, Simons, D.J., 2011. Do action video games improve
perception and cognition? Frontiers Psychology 2 (226).

Boroojerdi, B., Phipps, M., Kopylev, L., Wharton, C.M., Cohen, L.G., Grafman, J., 2001.
Enhancing analogic reasoning with rTMS over the left prefrontal cortex.
Neurology, 526—528.

Bower, G.H., 1970. Analysis of a mnemonic device. American Scientist 58, 496—510.

Bray, C.L, Cahill, KS., Oshier, ].T., Peden, CS., Theriaque, D.W., Flotte, TR,
Stacpoole, PW., 2004. Methylphenidate does not improve cognitive function in
healthy sleep-deprived young adults. Journal of Investigative Medicine 52,
192-201.

Brigham, FJ., Brigham, M.M., 1998. Using mnemonic keywords in general music
classes: music history meets cognitive psychology. Journal of Research and
Development in Education 31, 205—-213.

Brisswalter, J., Collardeau, M., René, A., 2002. Effects of acute physical exercise
characteristics on cognitive performance. Sports Medicine 32, 555—566.

Brown, E., Deffenbacher, K., 1975. Forgotten mnemonists. Journal of the History of
the Behavioral Sciences 11, 342—349.

Brown, E., Deffenbacher, K., 1988. Superior memory performance and mnemonic
encoding. In: Obler, LK., Fein, D. (Eds.), The Exceptional Brain. Guilford, New
York.

Brumaghim, J.T., Klorman, R., 1998. Methylphenidate’s effects on paired-associate
learning and event-related potentials of young adults. Psychophysiology 35,
73-85.

Burdette, J.H., Laurienti, PJ, Espeland, M.A., Morgan, A., Telesford, Q.,
Vechlekar, C.D., Hayasaka, S., Jennings, .M., Katula, J.A., Kraft, R.A., Rejeski, W.].,
2010 Jun 7. Using network science to evaluate exercise-associated brain changes
in older adults. Frontiers in Aging Neuroscience 2, 23.

Burpee, R.H,, Stroll, W., 1936. Measuring reaction time of athletes. Research Quar-
terly 7, 110—118.

Biitefisch, C.M., Khurana, V., Kopylev, L., Cohen, L.G., 2004. Enhancing encoding of
a motor memory in the primary motor cortex by cortical stimulation. Journal of
Neurophysiology, 2110—2116.

Cai, D.J., Mednick, S.A., Harrison, E.M., Kanady, J.C., Mednick, S.C., 2009. REM, not
incubation, improves creativity by priming associative networks. PNAS 106,
10130—-10134.

Caldwell, J.A., Caldwell, J.L., 2005. Fatigue in military aviation: an overview of US
military-approved pharmacological countermeasures. Aviation, Space and
Environmental Medicine 76, C39—C51.

Caldwell, J.A., Smythe, N.K., Caldwell, J.L., Hall, KK., Norman, D.N., et al., 1999. The
Effects of Modafinil on Aviator Performance during 40 hours of Continuous
Wakefulness: A UH-60 Helicopter Simulator Study. United States Air Force
Research Laboratory USAARL. Report No. 99-17.

Caldwell, J.A., Caldwell, J.L., Smythe, N.K., Hall, K.K., 2000. A double-blind, placebo-
controlled investigation of the efficacy of modafinil for sustaining the alertness
and performance of aviators: a helicopter simulator study. Psychopharma-
cology (Berl) 150, 272—282.

Caldwell, J.A., Caldwell, J.L., Smith, J.K, Brown, D.L, 2004. Modafinil’s effects on
simulator performance and mood in pilots during 37 h without sleep. Aviation,
Space and Environmental Medicine 75, 777—784.

Carney, R.N,, Levin, J.R., 1998. Coming to terms with keyword method in intro-
ductory psychology: a neuromnemonic example. Teaching of Psychology 25,
132—-134.



M. Dresler et al. / Neuropharmacology 64 (2013) 529—543 539

Cartwright, R.D., 1972. Problem solving in REM, NREM, and waking. Psychophysi-
ology 9, 108.

Castel, A.D., pratt, J., Drummond, E., 2005. The effects of action video game expe-
rience on the time course of inhibition of return and the efficiency of visual
search. Acta Psychologica 119 (2), 217—230.

Chaddock, L., Erickson, K., Prakash, R.S., Kim, J.S., Voss, M.W., Vanpatter, M.,
Pontifex, M.B., Raine, L.B., Konkel, A., Hillman, C.H., Cohen, N.J., Kramer, A.F,
2010. A neuroimaging investigation of the association between aerobic fitness,
hippocampal volume, and memory performance in preadolescent children.
Brain Research 1358, 172—-183.

Chi, R.P, Snyder, AW., 2011. Facilitate insight by non-invasive brain stimulation.
PLoS One 6 (2), e16655.

Chi, PR, Fregni, F, Snyder, AW., 2010. Visual memory improved by non-invasive
brain stimulation. Brain Research 1353, 168—175.

Chiesa, A., Malinowski, P, 2011. Mindfulness-based approaches: are they all the
same? Journal of Clinical Psychology 67, 404—424.

Chiesa, A., Calati, R, Serretti, A., 2011. Does mindfulness training improve cognitive
abilities? A systematic review of neuropsychological findings. Clinical
Psychology Review 31, 449—464.

Chuah, LY., Chee, M.\W.,, 2008. Cholinergic augmentation modulates visual task
performance in sleep-deprived young adults. The Journal of Neuroscience 28,
11369—-11377.

Chuah, LY., Chong, D.L., Chen, A.K,, Rekshan IIl, W.R,, Tan, J.C., Zheng, H., et al., 2009.
Donepezil improves episodic memory in young individuals vulnerable to the
effects of sleep deprivation. Sleep 32, 999—1010.

Clark, C.R., Geffen, G.M., Geffen, L.B., 1986. Role of monoamine pathways in atten-
tion and effort: effects of clonidine and methylphenidate in normal adult
humans. Psychopharmacology (Berl) 90, 35—39.

Clark, K.B., Naritoku, D.K., Smith, D.C., Browning, R.A., Jensen, R.A., 1999. Enhanced
recognition memory following vagus nerve stimulation in human subjects.
Nature Neuroscience 2 (1), 94—98.

Clark, V.P,, Coffman, B.A., Mayer, A.R., Weisend, M.P,, Lane, T.D., Calhoun, V.D,, et al.,
2012. TDCS guided using fMRI significantly accelerates learning to identify
concealed objects. Neuroimage 59 (1), 117—128.

Colcombe, SJ., Kramer, A.F,, Erickson, K.L, Scalf, P., McAuley, E., Cohen, N.J., Webb, A.,
Jerome, GJ., Marquez, D.X., Elavsky, S., 2004. Cardiovascular fitness, cortical
plasticity, and aging. PNAS 101, 3316—3321.

Colcombe, S.J., Erickson, K.I., Scalf, P.E., Kim, ].S., Prakash, R., McAuley, E., Elavsky, S.,
Marquez, D.X., Hu, L., Kramer, A.F, 2006. Aerobic exercise training increases
brain volume in aging humans. The Journals of Gerontology, A: Biological
Sciences and Medical Sciences 61, 1166—1170.

Coles, K., Tomporowski, P.D., 2008 Feb 1. Effects of acute exercise on executive
processing, short-term and long-term memory. Journal of Sports Science 26 (3),
333-344.

Colzato, LS., Leeuwen, PJ., Wildenberg, W.P., Hommel, B., 2010. DOOM’d to switch:
superior cognitive flexibility in players of first person shooter games. Frontiers
Psychology 1 (8).

Cotelli, M., Manenti, R., Zanetti, O., Miniussi, C., 2012. Non-Pharmacological inter-
vention for memory decline. Frontiers of Human Neuroscience 6.

Dahlin, E., Neely, A.S., Larsson, A., Bickman, L., Nyberg, L., 2008. Transfer of learning
after updating training mediated by the striatum. Science 320, 1510—1512.
Davidson, RJ., Lutz, A., 2008. Buddha’s brain: neuroplasticity and meditation. IEEE

Signal Processing Magazine 25, 174—176.

Davidson, RJ., Kabat-Zinn, J., Schumacher, ], Rosenkranz, M., Muller, D.,
Santorelli, S.F, Urbanowski, F., Harrington, A., Bonus, K., Sheridan, J.E, 2003.
Alterations in brain and immune function produced by mindfulness meditation.
Psychosomatic Medicine 65, 564—570.

de Jongh, R., Bolt, 1., Schermer, M., Olivier, B., 2008. Botox for the brain: enhance-
ment of cognition, mood and pro-social behavior and blunting of unwanted
memories. Neuroscience & Biobehavioral Reviews 32, 760—776.

Dews, P.B., O'Brian, C.P., Bergman, J., 2002. Caffeine: behavioral effects of with-
drawal and related issues. Food and Chemical Toxicology 40, 1257—1261.

Diekelmann, S., Born, J., 2010 Feb. The memory function of sleep. Nature Reviews
Neuroscience 11 (2), 114—126.

Dinges, D.F, Arora, S., Darwish, M., Niebler, G.E., 2006. Pharmacodynamic effects on
alertness of single doses of armodafinil in healthy subjects during a nocturnal
period of acute sleep loss. Current Medical Research & Opinion 22, 159—167.

Dodds, C.M., Bullmore, E.T., Henson, R.N., Christensen, S., Miller, S., Smith, M., et al.,
2011. Effects of donepezil on cognitive performance after sleep deprivation.
Human Psychopharmacology 26, 578—587.

Drager, B., Breitenstein, C., Helmke, U., Kamping, S., Knecht, S., 2004. Specific and
nonspecific effects of transcranial magnetic stimulation on picture-word veri-
fication. European Journal of Neuroscience 20, 1681—1687.

Dresler, M., Kluge, M., Genzel, L., Schiissler, P., Steiger, A., 2010. Impaired off-line
memory consolidation in depression. European Neuropsychopharmacology
20, 553—561.

Dresler, M., Kluge, M., Pawlowski, M., Schiissler, P., Steiger, A., Genzel, L., 2011.
A double dissociation of memory impairments in major depression. Journal of
Psychiatric Research 45, 1593—1599.

Dresler, M. Sleep and creativity: theoretical models and neural basis. In: Barrett, D.,
McNamara, P,, (Eds.). Encyclopedia of Sleep and Dreams. Santa Barbara: Praeger,
in press.

D’Errico, F, 2001. Memories out of mind: the archaeology of the oldest memory
systems. In: Nowell, A. (Ed.), In the Mind’s Eye. International Monographs in
Prehistory, Ann Arbor, MI.

Eddy, D., Storm, W., French, J., Barton, E., Cardenas, R., 2005. An Assessment of
Modafinil for Vestibular and Aviation-related Effects. United States Air Force
Research Laboratory. Report AFRL-HE-BR-TR-2005-0129.

Erickson, K.I, Prakash, R.S., Voss, M.W., Chaddock, L., Hu, L., Morris, K.S., White, S.M.,
Wajcicki, T.R., McAuley, E., Kramer, A.F., 2009. Aerobic fitness is associated with
hippocampal volume in elderly humans. Hippocampus 19, 1030—1039.

Ericsson, K.A., 2009. Toward a science of exceptional achievement. Annals of the
New York Academy of Sciences 1172, 199—-217.

Ericsson, K.A., Chase, W.G., Faloon, S., 1980. Acquisition of a memory skill. Science
208, 1181-1182.

Eriksson, J., Kalpouzos, G., Nyberg, L., 2011. Rewiring the brain with repeated
retrieval: a parametric fMRI study of the testing effect. Neuroscience Letters
505, 36—40.

Evans, S.M.,, Griffiths, R.R., 1992. Caffeine tolerance and choice in humans. Psycho-
pharmacology 108, 51—-59.

Farah, M, llles, J., Cook-Deegan, R., Gardner, H., Kandel, E., King, P,, Parens, E.,
Sahakian, B., Wolpe, P.R., 2004. Neurocognitive enhancement: what can we do
and what should we do? Nature Reviews Neuroscience 5, 421—425.

Ferre, S., 2008. An update on the mechanisms of the psychostimulant effects of
caffeine. Journal of Neurochemistry 105, 1067—1079.

Fillmore, M.T., 1994. Investigating the behavioral effects of caffeine: the contribu-
tion of drug-related expectancies. Pharmacopsychoecologia 7 (2), 63—73.

Fischer, S., Hallschmid, M., Elsner, A.L., Born, J., 2002. Sleep forms memory for finger
skills. PNAS 99, 11987—11991.

Fitzgerald, D.B., Crucian, G.P., Mielke, ].B., Shenal, B.V., Burks, D., Womack, K.B., et al.,
2008. Effects of donepezil on verbal memory after semantic processing in
healthy older adults. Cognitive and Behavioral Neurology 21, 57—64.

Fitzpatrick, P, Klorman, R., Brumaghim, ].T. Keefover, RW. 1988. Effects of
methylphenidate on stimulus evaluation and response processes: evidence
from performance and event-related potentials. Psychophysiology 25,
292-304.

Freedman, C., 1998. Aspirin for the mind? Some ethical worries about psycho-
pharmacology. In: Parens, E. (Ed.), Enhancing Human Traits: Ethical and Social
Implications. Georgetown University Press, Washington, DC, pp. 135—150.

Fregni, F., Boggio, P.S., Nitsche, M., Bermpohl, F.,, Antal, A., Feredoes, E., et al., 2005.
Anodal transcranial direct current stimulation of prefrontal cortex enhances
working memory. Experimental Brain Research 166 (1), 23—30.

Fuyuno, 1., 2007. Brain craze. Nature 448 (7151), 250—251.

Gagnon, G., Schneider, C., Grondin, S., Blanchet, S., 2010. Enhancement of episodic
memory in young and healthy adults: a paired-pulse TMS study on encoding
and retrieval performance. Neuroscience Letters 488 (2), 138—142.

Gais, S., Lucas, B., Born, J., 2006. Sleep after learning aids memory recall. Learning &
Memory 13, 259—-262.

Gallate, J., Chi, R., Ellwood, S., Snyder, A., 2009. Reducing false memories by
magnetic pulse stimulation. Neuroscience Letters 449 (3), 151-154.

Genzel, L., Dresler, M., Wehrle, R., Grozinger, M., Steiger, A., 2009. Slow wave sleep
and REM sleep awakenings do not affect sleep dependent memory consolida-
tion. Sleep 32, 302—310.

Genzel, L., Kiefer, T., Renner, L., Wehrle, R., Kluge, M., Grozinger, M., Steiger, A.,
Dresler, M., 2012. Sex and modulatory menstrual cycle effects on sleep related
memory consolidation. Psychoneuroendocrinology 37, 987—998.

Gill, M., Haerich, P, Westcott, K., Godenick, K.L., Tucker, J.A., 2006. Cognitive
performance following modafinil versus placebo in sleep-deprived emergency
physicians: a double-blind randomized crossover study. Academic Emergency
Medicine 13, 158—165.

Glaubman, H., Orbach, I., Aviram, O., Frieder, I., Frieman, M., Pelled, O., Glaubman, R.,
1978 Jan. REM deprivation and divergent thinking. Psychophysiology 15 (1), 75—79.

Gomez-Pinilla, F,, Vaynman, S., Ying, Z., 2008 Dec. Brain-derived neurotrophic factor
functions as a metabotrophin to mediate the effects of exercise on cognition.
European Journal of Neuroscience 28 (11), 2278—2287.

Gordon, B.A., Rykhlevskaia, E.I, Brumback, C.R., Lee, Y., Elavsky, S., Konopack, ].F,
McAuley, E., Kramer, A.F, Colcombe, S., Gratton, G., Fabiani, M., 2008. Neuro-
anatomical correlates of aging, cardiopulmonary fitness level, and education.
Psychophysiology 45, 825—838.

Green, C., Bavelier, D., 2003. Action video game modifies visual selective attention.
Nature 423 (6939), 534—537.

Green, C., Bavelier, D., 2006. Effect of action video games on the spatial distribution
of visuospatial attention. Journal of Experimental Psychology: Human Percep-
tion and Performance 32 (6), 1465—1478.

Green, C.S., Bavelier, D., 2007. Action-video-game experience alters the spatial
resolution of vision. Psychological Science 18, 88—94.

Gron, G., Kirstein, M., Thielscher, A., Riepe, M.W., Spitzer, M., 2005. Cholinergic
enhancement of episodic memory in healthy young adults. Psychopharma-
cology 182, 170—179.

Groves, D.A., Brown, V., 2005. Vagal nerve stimulation: a review of its applications
and potential mechanisms that mediate its clinical effects. Neuroscience &
Biobehavioral Reviews 29 (3), 493—-500.

Hamani, C., McAndrews, M.P,, Cohn, M., Oh, M., Zumsteg, D., Shapiro, C.M., et al.,
2008. Memory enhancement induced by hypothalamic/fornix deep brain
stimulation. Annals of Neurology 63 (1), 119—123.

Hart, C.L, Haney, M., Vosburg, S.K., Comer, S.D., Gunderson, E., Foltin, R.W., 2006.
Modafinil attenuates disruptions in cognitive performance during simulated
night-shift work. Neuropsychopharmacology 31, 1526—1536.

Healy, D., 2008. Birth, Ritalin, Prozac, Viagra, Death. In: Bennett, Carney, Karpin
(Eds.), Brave New World of Health. Federation Press, Sydney.



540 M. Dresler et al. / Neuropharmacology 64 (2013) 529—543

Heatherley, S.V., Hayward, R.C,, Seers, H.E., Rogers, PJ., 2005. Cognitive and
psychomotor performance, mood, and pressor effects of caffeine after 4, 6 and
8 h caffeine abstinence. Psychopharmacology 178 (4), 461—470.

Helmholtz, H., 1896. Votrdge und Reden. Vieweg, Braunschweig.

Hewlett, P, Smith, A., 2007. Effects of repeated doses of caffeine on performance
and alertness: new data and secondary analyses. Human Psychopharmacology:
Clinical and Experimental 22, 339—350.

Higbee, K.L.,, 1997. Novices, apprentices, and mnemonists: acquiring expertise with
the phonetic method. Applied Cognitive Psychology 11, 147—161.

Hilgetag, C.C., Theoret, H., Pascual-Leone, A., 2001. Enhanced visual spatial attention
ipsilateral to rTMS-induced ‘virtual lessons’ of human parietal cortex. Nature
Neuroscience 4, 953—957.

Hill, R.D., Campbell, B.W., Foxley, D., Lindsay, S., 1997. Effectiveness of the number-
consonant mnemonic for retention of numeric material in community-dwelling
older adults. Experimental Aging Research 23, 275—286.

Hillman, C.H., Erickson, KI, Kramer, A.F, 2008. Be smart, exercise your heart:
exercise effects on brain and cognition. Nature Reviews Neuroscience 9, 58—65.

Hink, R.E, Fenton, W.H., Pfefferbaum, A., Tinklenberg, J.R., Kopell, B.S., 1978. The
distribution of attention across auditory input channels: an assessment using
the human evoked potential. Psychophysiology 15, 466—473.

Hobson, J.A., Pace-Schott, E.F.,, 2002. The cognitive neuroscience of sleep: neuronal
systems, consciousness and learning. Nature Reviews Neuroscience 3, 679—693.

Hobson, J.A., Wohl, H., 2005. From Angels to Neurones. In: Art and the New Science
of Dreaming. Mattioli, Fidenza.

Hodgins, H.S., Adair, K.C., 2010. Attentional processes and meditation. Conscious-
ness and Cognition 19, 872—878.

Hodsoll, J., Mevorach, C., Humphreys, G., 2009. Driven to less distraction: rTMS of
the right parietal cortex reduces attentional capture in visual search. Cerebral
Cortex 19 (1), 106—114.

Holmes, J., Gathercole, S.E., Place, M., Dunning, D.L., Hilton, K.A., Elliott, ].G., 2010.
Working memory deficits can be overcome: impacts of training and medication
on working memory in children with ADHD. Applied Cognitive Psychology 24,
827—-836.

Holzel, B.K,, Ott, U., Hempel, H., Hackl, A., Wolf, K., Stark, R., Vaitl, D., 2007. Differ-
ential engagement of anterior cingulate and adjacent medial frontal cortex in
adept meditators and non-meditators. Neuroscience Letters 421, 16—21.

Holzel, BK., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S.M., Gard, T.,
Lazar, S.W., 2011 Jan 30. Mindfulness practice leads to increases in regional
brain gray matter density. Psychiatry Research 191 (1), 36—43.

Hoy, KE., Fitzgerald, P.B.,, 2010. Brain stimulation in psychiatry and its effects on
cognition. Nature Reviews Neurology 6, 267—275.

Hubert-Wallander, B., Green, C., Bavelier, D., 2011. Stretching the limits of visual
attention: the case of action video games. Wiley Interdisciplinary Reviews:
Cognitive Science 2 (2), 222—230.

Iyer, M.B., Mattu, U., Grafman, J., Lomarev, M., Sato, S., Wassermann, E.M., 2005.
Safety and cognitive effect of frontal DC brain polarization in healthy individ-
uals. Neurology 64 (5), 872—875.

Jaeggi, S.M., Buschkuehl, M., Jonides, ]., Perrig, W.J., 2008. Improving fluid intelli-
gence with training on working memory. PNAS 105 (19), 6829—6833.

Jaeggi, S.M., Studer-Luethi, B., Buschkuehl, M., Su, Y.-E, Jonides, ]., Perrig, W]., 2010.
The relationship between n-back performance and matrix reasoning — impli-
cations for training and transfer. Intelligence 28 (6), 625—635.

Jaeggi, S.M., Buschkuehl, M., Jonides, J., Shah, P., 2011. Short- and long-term benefits
of cognitive training. PNAS 108 (25), 10081—10086.

Javadi, A.H., Walsh, V., 2011. Transcranial direct current stimulation, (tDCS) of the left
dorsolateral prefrontal cortex modulates declarative memory. Brain Stimulation.

Javadi, A.H., Cheng, P, Walsh, V., 2011. Short duration transcranial direct current
stimulation, (tDCS) modulates verbal memory. Brain Stimulation.

Jenkins, ].G., Dallenbach, K.M., 1924. Obliviscence during sleep and waking. Amer-
ican Journal of Psychology 35, 605—612.

Ji, D., Wilson, M.A., 2007. Coordinated memory replay in the visual cortex and
hippocampus during sleep. Nature Neuroscience 10 (1), 100—107.

Jones, E.K, Stinram-Lea, S.I, Wesnes, KA., 2012. Acute ingestion of different
macronutrients differentially enhances aspects of memory and attention in
healthy young adults. Biological Psychology 89, 477—486.

Juengst, E.T., 1998. What does enhancement mean? In: Parens, E. (Ed.), Enhancing
Human Traits: Ethical and Social Implications. Georgetown University Press,
Washington.

Juliano, L.M,, Griffiths, R.R., 2004. A critical review of caffeine withdrawal: empirical
validation of symptoms and signs, incidence, severity, and associated features.
Psychopharmacology 176, 1-29.

Kadosh, R.C,, Soskic, S., Iuculano, T., Kanai, R., Walsh, V., 2010. Modulating neuronal
activity produces specific and long-lasting changes in numerical competence.
Current Biology 20 (22), 2016—2020.

Kadosh, R.C,, Levy, N., O'Shea, J., Shea, N., Savulescu, J., 2012. The neuroethics of non-
invasive brain stimulation. Current Biology 22 (4), R108—R111.

Karni, A., Tanne, D., Rubenstein, B.S., Askenasy, ].J.M., Sagi, D., 1994. Dependence on
REM sleep of overnight improvement of a perceptual skill. Science 265,
679—682.

Karpicke, ].D., Blunt, J.R., 2011. Retrieval practice produces more learning than
elaborative studying with concept mapping. Science 331, 772—775.

Karpicke, ].D., Roediger, H.L., 2006. Test-enhanced learning. Psychological Science
17, 249-255.

Karpicke, ].D., Roediger, H.L., 2008. The critical importance of retrieval for learning.
Science 319, 966—968.

Karpicke, J.D., Roediger, H.L., 2010. Is expanding retrieval a superior method for
learning text materials? Memory Cognition 38, 116—124.

Kasamatsu, A., Hirai, T., 1966. An electroencephalographic study on the zen medi-
tation, Zazen. Folia Psychiatrica et Neurologica Japonica 20, 315—336.

Kennedy, A., Boyle, E., Traynor, O., Walsh, T., Hill, A., 2011. Video gaming enhances
psychomotor skills but not visuospatial and perceptual abilities in surgical
trainees. Journal of Surgical Education 68 (5), 414—420.

Kincses, T.Z., Antal, A., Nitsche, M.A., Bartfati, O., Paulus, W., 2003. Facilitation of
probabilistic classification learning by transcranial direct current stimulation of
the prefrontal cortex in the human. Neuropsychologia 42, 113—117.

Kipke, R., 2010. Was ist so anders am Neuroenhancement? Pharmakologische und
mentale Selbstverdnderung im ethischen Vergleich. In: Jahrbuch fiir Wissen-
schaft und Ethik, 15, pp. 69—99.

Kirschen, M., Davis-Ratner, M., TE, ]., Schraedley-Desmond, P., Desmond, J., 2006.
Enhancement of phonological memory following transcranial magnetic stim-
ulation, TMS. Behavioral Neurology 17 (3—4), 187—194.

Kirsh, SJ., Mounts, J.R,, 2007 Jul-Aug. Violent video game play impacts facial
emotion recognition. Aggressive Behavior 33 (4), 353—358.

Kjaer, TW., Bertelsen, C., Piccini, P, Brooks, D., Alving, J., Lou, H.C., 2002 Apr.
Increased dopamine tone during meditation-induced change of consciousness.
Brain Research. Cognitive Brain Research 13 (2), 255—259.

Klimesch, W., Sauseng, P., Gerloff, C., 2003. Enhancing cognitive performance with
repetitive transcranial magnetic stimulation at human individual alpha
frequency. European Journal of Neuroscience 17 (5), 1129—1233.

Kobayashi, M., Hutchinson, S., Théoret, H., Schlaug, G., Pascual-Leone, A., 2004.
Repetitive TMS of the motor cortex improves ipsilateral sequential simple
finger movements. Neurology 62 (1), 91-98.

Kondo, Y., Suzuki, M., Mugikura, S., et al., 2005. Changes in brain activation asso-
ciated with use of a memory strategy: a functional MRI study. Neurolmage 24,
1154—-1163.

Konrad, B.N., Dresler, M., 2010. Grenzen menschlicher Gedachtnisleistungen. In:
Baudson, T.G., Seemiiller, A., Dresler, M. (Eds.), Grenzen unseres Geistes. Hirzel,
Stuttgart.

Korman, M., Doyon, J., Doljansky, J., Carrier, ]., Dagan, Y., Karni, A., 2007. Daytime
sleep condenses the time course of motor memory consolidation. Nature
Neuroscience 10, 1206—1213.

Kozasa, E.H., Sato, JR, Lacerda, S.S., Barreiros, M.A., Radvany, ]., Russell, TA.,
Sanches, L.G., Mello, L.E., Amaro, E., 2012. Meditation training increases brain
efficiency in an attention task. Neuroimage 59, 745—749.

Krahl, S.E., Clark, K.B., Smith, D.C., Browning, R.A., 1998. Locus coeruleus lesions
suppress the seizure-attenuating effects of vagus nerve stimulation. Epilepsia
39 (7), 709-714.

Kris, E., 1952. Psychoanalytic Explorations in Art. International Universities Press,
New York.

Kuhn, J., Griindler, T.O.J., Lenartz, D., Sturm, V., Klosterkétter, J., Huff, W., 2010. Deep
brain stimulation for psychiatric disorders. Deutsches Arzteblatt International
107, 105—-113.

Lagarde, D., Batejat, D., Van-Beers, P., Sarafian, D., Pradella, S., 1995. Interest of
modafinil, a new psychostimulant, during a sixty-hour sleep deprivation
experiment. Fundamental and Clinical Pharmacology 9, 271-279.

Lahl, 0., Wispel, C., Willigens, B., Pietrowsky, R., 2008 Mar. An ultra short episode of
sleep is sufficient to promote declarative memory performance. Journal of Sleep
Research 17 (1), 3—10.

Lambourne, K., Tomporowski, P, 2010. The effect of exercise-induced arousal on
cognitive task performance: a meta-regression analysis. Brain Research 1341,
12-24.

Lazar, S.W., Bush, G., Gollub, R.L., Fricchione, G.L, Khalsa, G., Benson, H., 2000.
Functional brain mapping of the relaxation response and meditation. Neuro-
report 11, 1581-1585.

Lazar, S.W,, Kerr, C.E., Wasserman, RH., Gray, JR, Greve, D.N,, Treadway, M.T.,
McGarvey, M., Quinn, B.T,, Dusek, J.A.,, Benson, H., Rauch, S.L., Moore, CI,
Fischl, B., 2005. Meditation experience is associated with increased cortical
thickness. Neuroreport 16, 1893—1897.

Li, R, Polat, U., Makous, W., Bavelier, D., 2009. Enhancing the contrast sensitivity
function through action video game training. Nature Neuroscience 12, 549—551.

Luber, B., Kinnunen, L., Rakitin, B., Ellsassera, R., Stern, Y., Lisanbya, S., 2007. Facil-
itation of performance in a working memory task with rTMS stimulation of the
precuneus: frequency-and time-dependent effects. Brain Research 1128,
120-129.

Luber, B., Stanford, A.D., Bulow, P., Nguyen, T., Rakitin, B.C., Habeck, C., et al., 2008.
Remediation of sleep-deprivation—induced working memory impairment with
fMRI-guided transcranial magnetic stimulation. Cerebral Cortex 18 (9),
2077-2085.

Luders, E., Toga, A.W., Lepore, N., Gaser, C., 2009 Apr 15. The underlying anatomical
correlates of long-term meditation: larger hippocampal and frontal volumes of
gray matter. Neuroimage 45 (3), 672—678.

Lutz, A, Slagter, H.A., Dunne, ].D., Davidson, R.J., 2008 Apr. Attention regulation and
monitoring in meditation. Trends in Cognitive Sciences 12 (4), 163—169.

Lutz, A., Slagter, H.A., Rawlings, N.B., Francis, A.D., Greischar, L.L., Davidson, RJ.,
2009. Mental training enhances attentional stability: neural and behavioral
evidence. The Journal of Neuroscience 29, 13418—13427.

MacLean, K.A,, Ferrer, E., Aichele, S.R., Bridwell, D.A., Zanesco, A.P, Jacobs, T.L.,
King, B.G., Rosenberg, E.L.,, Sahdra, B.K., Shaver, P.R., Wallace, B.A., Mangun, G.R.,
Saron, C.D., 2010. Intensive meditation training improves perceptual discrimi-
nation and sustained attention. Psychological Science 21, 829—839.



M. Dresler et al. / Neuropharmacology 64 (2013) 529—543 541

Maguire, E.A,, Valentine, E.R., Wilding, ].M.,, et al., 2003. Routes to remembering: the
brains behind superior memory. Nature Neuroscience 6, 90—95.

Mabher, B., 2008. Poll results: look who’s doping. Nature 452, 674—675.

Mahncke, H.W., Connor, B.B., Appelman, J., Ahsanuddin, O.N., Hardy, ].L., Wood, R.A.,
et al, 2006. Memory enhancement in healthy older adults using a brain
plasticity-based training program: a randomized, controlled study. PNAS 103
(33), 12523-12528.

Manninen, B.A., 2006. Medicating the mind: a Kantian analysis of overprescribing
psychoactive drugs. Journal of Medical Ethics 32, 100—105.

Manning, C.A., Hall, J.L.,, Gold, P.E., 1990. Glucose effects on memory and other
neuropsychological tests in elderly humans. Psychological Science 1, 307—311.

Marshall, L., Mélle, M., Hallschmid, M., Born, J., 2004. Transcranial direct current
stimulation during sleep improves declarative memory. Journal of Neuroscience
24 (44), 9985—9992.

Marshall, L., Helgadéttir, H., Moélle, M., Born, J., 2006. Boosting slow oscillations
during sleep potentiates memory. Nature 444, 610—613.

Martindale, C., 1999. Biological bases of creativity. In: Sternberg, R/J. (Ed.), Handbook
of Creativity. Cambridge University Press, Cambridge, pp. 137—152.

McCabe, S.E., Knight, J.R.,, Teter, CJ., Wechsler, H., 2005. Non-medical use of
prescription stimulants among US college students: prevalence and correlates
from a national survey. Addiction 100, 96—106.

McGaugh, ].L., Roozendaal, B., 2009. Drug enhancement of memory consolidation:
historical perspective and neurobiological implications. Psychopharmacology
202, 3—14.

McKinley, R.A., Bridges, N., Walters, C.M., Nelson, J., 2012. Modulating the brain at
work using noninvasive transcranial stimulation. Neurolmage 59 (1), 129—-137.

McNab, F, Varrone, A, Farde, L., Jucaite, A., Bystritsky, P., Forssberg, H., et al., 2009.
Changes in cortical dopamine D1 receptor binding associated with cognitive
training. Science, 800—802.

Mednick, S.A., 1962. The associative basis of the creative process. Psychological
Review 69, 220—-232.

Mednick, S., Nakayama, K., Stickgold, R., 2003. Sleep-dependent learning: a nap is as
good as a night. Nature Neuroscience 6, 697—698.

Mehlman, M., 2004. Cognition-enhancing drugs. The Milbank Quarterly 82,
483-506.

Mehta, M.A., Owen, A.M., Sahakian, B.J., Mavaddat, N., Pickard, ].D., Robbins, T.W.,
2000. Methylphenidate enhances working memory by modulating discrete
frontal and parietal lobe regions in the human brain. The Journal of Neurosci-
ence 20, RC65.

Meikle, A., Riby, L.M,, Stollery, B., 2004. The impact of glucose ingestion and gluco-
regulatory control on cognitive performance: a comparison of younger and
middle aged adults. Human Psychopharmacology 19, 523—535.

Messier, C., 2004 Apr 19. Glucose improvement of memory: a review. European
Journal of Pharmacology 490 (1-3), 33—57.

Miller, G.A., 1956. The magical number seven, plus or minus two: some limits on our
capacity for processing information. Psychological Review 63, 81-97.

Miller, D.I, Taler, V., Davidson, P.S., Messier, C., 2012 Mar. Measuring the impact of
exercise on cognitive aging: methodological issues. Neurobiology of Aging 33
(3), 622.e29—622.e43.

Minzenberg, MJ., Carter, C.S., 2008. Modafinil: a review of neurochemical actions
and effects on cognition. Neuropsychopharmacology 33, 1477—1502.

Molle, M., Born, J., 2011. Slow oscillations orchestrating fast oscillations and
memory consolidation. Progress in Brain Research 193, 93—110.

Moore, A., Malinowski, P., 2009. Meditation, mindfulness and cognitive flexibility.
Consciousness and Cognition 18, 176—186.

Moran, D.S., 2007. Psychostimulants and military operations. Military Medicine 172,
383—387.

Morrison, A.B., Chein, .M., 2011. Does working memory training work? The promise
and challenges of enhancing cognition by training working memory. Psycho-
nomic Bulletin & Review 18, 56—60.

Mottaghy, F.,, Hungs, M., Briigmann, M., Sparing, R., Boroojerdi, B., Foltys, H., et al.,
1999. Facilitation of picture naming after repetitive transcranial magnetic
stimulation. Neurology 53 (8), 1806—1812.

Murata, T., Koshino, Y., Omori, M., 1994. Quantitative EEG study on Zen meditation,
zaZen). Japanese Journal of Psychiatry and Neurology 48, 881—890.

Neeper, S.A., Gomez-Pinilla, F, Choi, J., Cotman, C., 1995 Jan 12. Exercise and brain
neurotrophins. Nature 373 (6510), 109.

Nehlig, A., 2010. Is caffeine a cognitive enhancer? Journal of Alzheimer’s Disease 20,
S85—594.

Nitsche, M.A,, Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N., et al.,
2003a. Pharmacological modulation of cortical excitability shifts induced by
transcranial direct current stimulation in humans. Journal of Physiology 553,
293-301.

Nitsche, M.A., Schauenburg, A., Lang, N., Liebetanz, D., Exner, C., Paulus, W., et al.,
2003b. Facilitation of implicit motor learning by weak transcranial direct
current stimulation of the primary motor cortex in the human. Journal of
Cognitive Neuroscience 15 (4), 619—626.

Nitsche, M.A., Seeber, A., Frommann, K., Klein, C.C., Rochford, C., Nitsche, M.S,, et al.,
2005. Modulating parameters of excitability during and after transcranial direct
current stimulation of the human motor cortex. The Journal of Physiology 568
(1), 291-303.

Nouchi, R, Taki, Y., Takeuchi, H., Hashizume, H., Akitsuki, Y., Shigemune, Y., et al.,
2012. Brain training game improves executive functions and processing speed
in the elderly: a randomized controlled trial. PLoS One 7 (1), e29676.

Nozick, R., 1974. Anarchy, State and Utopia. Blackwell, Oxford.

Nutley, S.B., Soderqvist, S., Bryde, S., Thorell, L.B.,, Humphreys, K., Klingberg, T., 2011.
Gains in fluid intelligence after training non-verbal reasoning in 4-year old
children: a controlled, randomized study. Developmental Science 14 (3),
591-601.

Nyberg, L., Sandblom, ]., Jones, S., et al., 2003. Neural correlates of training-related
memory improvement in adulthood and aging. PNAS 100, 13728—13733.

Oh, MY, Abosch, AM., Kim, S.H.,, Lang, AE., Lozano, A.M. 2002. Long-term
hardware-related complications of deep brain stimulation. Neurosurgery 50 (6),
1268—1276.

Ohn, S.H., Park, C.-1, Yoo, W.-K., Ko, M.-H., Choi, K.P., Kim, G.-M., et al., 2008. Time-
dependent effect of transcranial direct current stimulation on the enhancement
of working memory. Neuroreport 19 (1), 43—47.

Okagaki, L., Frensch, P.A., 1994. Effects of video game playing on measures of spatial
performance: gender effects in late adolescence. Journal of Applied Develop-
mental Psychology 15 (1), 33—58.

Olesen, PJ., Westerberg, H., Klingberg, T., 2004. Increased prefrontal and parietal
activity after training of working memory. Nature Neuroscience 7 (1), 75—79.

Owen, A.M., Hampshire, A., Grahn, ].A,, Stenton, R, Dajani, S., Burns, A.S., et al., 2010.
Putting brain training to the test. Nature 465 (7299), 775—778.

Owen, L., Scholey, A.B., Finnegan, Y., Hu, H., Stinram-Lea, S.I, 2012. The effect of
glucose dose and fasting interval on cognitive function: a double-blind,
placebo-controlled, six-way crossover study. Psychopharmacology 220,
577—-589.

Owens, D.S., Benton, D., 1994. The impact of raising blood glucose levels on reaction
time. Neuropsychobiology 30, 106—113.

Pagnoni, G., Cekic, M., Guo, Y., 2008. ‘Thinking about not thinking': neural correlates
of conceptual processing during Zen meditation. PLoS One 3, e3083.

Peloquin, LJ., Klorman, R., 1986. Effects of methylphenidate on normal children’s
mood, event-related potentials, and performance in memory scanning and
vigilance. Journal of Abnormal Psychology 95, 88—98.

Pereira, A.C., Huddleston, D.E., Brickman, A.M. Sosunov, A.A., Hen, R,
McKhann, G.M,, Sloan, R., Gage, FH., Brown, T.R., Small, S.A., 2007. An in vivo
correlate of exercise-induced neurogenesis in the adult dentate gyrus. PNAS
104, 5638—-5643.

Pigeau, R., Naitoh, P., Buguet, A., McCann, C., Baranski, J., Taylor, M., Thompson, M.,
Mack, I, 1995. Modafinil, d-amphetamine and placebo during 64 hours of
sustained mental work. I. Effects on mood, fatigue, cognitive performance and
body temperature. Journal of Sleep Research 4, 212—228.

Poreisc, C., Boros, K., Antal, A., Paulus, W., 2007. Safety aspects of transcranial direct
current stimulation concerning healthy subjects and patients. Brain Research
Bulletin 72 (4—6), 208—214.

Posner, M.I., Petersen, S.E., Fox, P.T,, Raichle, M.E., 1988. Localization of cognitive
operations in the human brain. Science 240, 1627—1631.

Racchi, M., Mazzucchelli, M., Porrello, E., Lanni, C., Govoni, S., 2004. Acetylcholin-
esterase inhibitors: novel activities of old molecules. Pharmacological Research
50, 441-451.

Randall, D.C,, Shneerson, ].M., File, S.E., 2005. Cognitive effects of modafinil in
student volunteers may depend on IQ. Pharmacology Biochemistry and
Behavior 82, 133—139.

Rasch, B., Buchel, C, Gais, S., Born, J., 2007. Odor cues during slow-wave sleep
prompt declarative memory consolidation. Science 315, 1426—1429.

Rasch, B., Pommer, J., Diekelmann, S., Born, J., 2009. Pharmacological REM sleep
suppression paradoxically improves rather than impairs skill memory. Nature
Neuroscience 12, 396—397.

Ratcliff-Crain, J., O’Keefe, M.K., Baum, A., 1989. Cardiovascular reactivity, mood, and
task performance in deprived and nondeprived coffee drinkers. Health
Psychology 8 (4), 427—447.

Raugh, M.R,, Atkinson, R.C., 1975. A mnemonic method for learning a second-
language vocabulary. Journal of Educational Psychology 67, 1—-16.

Redick, T.S., Shipstead, Z., Harrison, T.L., Hicks, K.L., Fried, D.E., Hambrick, D.Z., Kane,
MJ., Engle., RW. No evidence of intelligence improvement after working
memory training: a randomized, placebo-controlled study. Journal of Experi-
mental Psychology: General, in press.

Reis, ]J., Robertson, E., Krakauer, JW. Rothwell, ], Marshall, L, Gerloff, C,
Wassermann, E., Pascual-Leone, A., Hummel, F,, Celnik, P.A., Classen, ]., Floel, A.,
Ziemann, U., Paulus, W., Siebner, H.R., Born, J., Cohen, L.G., 2008. Consensus: can
tDCS and TMS enhance motor learning and memory formation? Brain Stimu-
lation 1, 363—369.

Reisa, J., Schambra, H.M., Cohen, L.G., Buch, E.R,, Fritsch, B., Zarahn, E., et al., 2009.
Noninvasive cortical stimulation enhances motor skill acquisition over multiple
days through an effect on consolidation. PNAS 106 (5), 1590—1595.

Reivih, M., Alavi, A., 1983. Positron emission tomographic studies of local cerebral
glucose metabolism in humans in physiological and pathophysiological condi-
tions. Advances in Metabolic Disorders 10, 135—-176.

Repantis, D., Laisney, O., Heuser, I, 2010a. Acetylcholinesterase inhibitors and
memantine for neuroenhancement in healthy individuals: a systematic review.
Pharmacological Research 61, 473—481.

Repantis, D., Schlattmann, P, Laisney, O., Heuser, L, 2010b. Modafinil and methyl-
phenidate for neuroenhancement in healthy individuals: a systematic review.
Pharmacological Research 62, 187—206.

Reyner, L.A., Horne, J.A., 1997. Suppression of sleepiness in drivers: combination of
caffeine with a short nap. Psychophysiology 34 (6), 721—725.

Richards, M., Hardy, R., Wadsworth, M.E., 2003 Feb. Does active leisure protect
cognition? Evidence from a national birth cohort. Social Science & Medicine 56
(4), 785—792.



542 M. Dresler et al. / Neuropharmacology 64 (2013) 529—543

Richardson, A.E., Powers, M.E., Bousquet, L.G., 2011. Effects of video game playing on
measures of spatial performance: gender effects in late adolescence. Computers
in Human Behavior 27, 552—560.

Riedel, W., Hogervorst, E., Leboux, R., Verhey, F, van Praag, H., Jolles, J., 1995.
Caffeine attenuates scopolamine-induced memory impairment in humans.
Psychopharmacology 122 (2), 158—168.

Ritskes, R., Ritskes-Hoitinga, M., Stodkilde-Jorgensen, H., Baeretsen, K., Hartman, T.,
2003. MRI scanning during Zen meditation: the picture of enlightenment?
Constructivism in the Human Sciences 8, 85—90.

Ritter SM, Strick M, Bos MW, VAN Baaren RB, Dijksterhuis A. Good morning crea-
tivity: task reactivation during sleep enhances beneficial effect of sleep on
creative performance. Journal of Sleep Research, in press.

Roediger III, H.L,, 1980. The effectiveness of four mnemonics in ordering recall.
Journal of Experimental Psychology: Human Learning and Memory 6, 558—567.

Roediger, H.L., Butler, A.C., 2011. The critical role of retrieval practive in long-term
retention. Trends in Cognitive Sciences 15, 20—27.

Rogers, PJ., Dernoncourt, C., 1998. Regular caffeine consumption: a balance of
adverse and beneficial effects for mood and psychomotor performance. Phar-
macology Biochemistry and Behavior 59, 1039—1045.

Rogers, R.D., Blackshaw, A]., Middleton, H.C., Matthews, K., Hawtin, K., Crowley, C.,
et al,, 1999. Tryptophan depletion impairs stimulus-reward learning while
methylphenidate disrupts attentional control in healthy young adults: impli-
cations for the monoaminergic basis of impulsive behaviour. Psychopharma-
cology 146, 482—491.

Rosenheck, M.B., Levin, M.E., Levin, J.R., 1989. Learning botany concepts mnemon-
ically: seeing the forest and the trees. Journal of Educational Psychology 81,
196—203.

Ross, L.A., McCoy, D., Wolk, D.A., Coslett, H.B., Olson, LR., 2010. Improved proper
name recall by electrical stimulation of the anterior temporal lobes. Neuro-
psychologia 48 (12), 3671-3674.

Rossi, S., Rossini, PM., 2004. TMS in cognitive plasticity and the potential for
rehabilitation. Trends in Cognitive Sciences 8 (6), 273—279.

Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., Safety of TMS Consensus
Group, 2009. Safety, ethical considerations, and application guidelines for the
use of transcranial magnetic stimulation in clinical practice and research.
Clinical Neurophysiology 120, 2008—2039.

Sahakian, B., Morein-Zamir, S., 2007. Professor’s little helper. Nature 450,
1157—1159.

Savulescu, J., Bostrom, N. (Eds.), 2009. Human Enhancement. Oxford University
Press, Oxford.

Schabrun, S.M., Chipchase, L.S., 2012. Priming the brain to learn: the future of
therapy? Manual Therapy 17 (2), 184—186.

Schmiedek, F, Lévdén, M., Lindenberger, U., 2010. Hundred days of cognitive
training enhance broad cognitive abilities in adulthood: findings from the
COGITO study. Frontiers of Aging Neuroscience 2 (27).

Scholey, A.B., Harper, S., Kennedy, D.O., 2001. Cognitive demand and blood glucose.
Physiology and Behaviour 73, 585—592.

Schuh, KJ., Griffiths, R.R., 1997. Caffeine reinforcement: the role of withdrawal.
Psychopharmacology 130 (4), 320—326.

Sedlmeier, P., Eberth, J., Schwarz, M., Zimmermann, D., Haarig, F, Jaeger, S., Kunze, S.
The psychological effects of meditation: a meta-analysis. Psychological Bulletin,
in press.

Shipstead, Z., Thomas, S., Redick, RW., 2010. Does working memory training
generalize. Psychological Belgica 50, 245—276.

Sibley, B.A., Etnier, J.L, 2003. The relationship between physical activity and
cognition in children: a meta-analysis. Pediatric Exercise Science 15, 243—256.

Smit, H.J., Rogers, PJ., 2000. Effects of low doses of caffeine on cognitive perfor-
mance, mood and thirst in low and higher caffeine consumers. Psychophar-
macology 152 (2), 167—173.

Smith, A., 2002. Effects of caffeine on human behavior. Food and Chemical Toxi-
cology 40, 1243—-1255.

Smith, M.E., Farah, M., 2011. Are prescription stimulants “smart pills"? The
epidemiology and cognitive neuroscience of prescription stimulant use by
normal healthy individuals. Psychological Bulletin 137, 717—741.

Smith, A.P, Rusted, ].M., Savory, M., Eaton-Williams, P., Hall, S.R., 1991 Jan. The
effects of caffeine, impulsivity and time of day on performance, mood and
cardiovascular function. Journal of Psychopharmacology 5 (2), 120—128.

Smith, A., Brice, C., Nash, J., Rich, N, Nutt, D.J, 2003. Caffeine and central
noradrenaline: effects on mood, cognitive performance, eye movements and
cardiovascular function. Journal of Psychopharmacology 17 (3), 283—292.

Smith, A., Sutherland, D., Christopher, G., 2005. Effects of repeated doses of caffeine
on mood and performance of alert and fatigued volunteers. Journal of
Psychopharmacology 19, 620—626.

Smith, G.E., Housen, P, Yaffe, K., Ruff, R., Kennison, R.F., Mahncke, HW.,, et al., 2009.
A cognitive training program based on principles of brain plasticity: results
from the Improvement in Memory with Plasticity-based Adaptive Cognitive
Training (IMPACT) study. Journal of the American Geriatrics Society 57 (4),
594—603.

Smith, PJ., Blumenthal, J.A., Hoffman, B.M., Cooper, H., Strauman, T.A., Welsh-
Bohmer, K., Browndyke, J.N., Sherwood, A., 2010 Apr. Aerobic exercise and
neurocognitive performance: a meta-analytic review of randomized controlled
trials. Psychosomatic Medicine 72 (3), 239—252.

Smith, M.A,, Riby, L.M., Eekelen, J.A., Foster, J.K,, 2011. Glucose enhancement of
human memory: a comprehensive research review of the glucose memory
facilitation effect. Neuroscience and Biobehavioral Reviews 35, 770—783.

Snyder, A., Mulcahy, E., Taylor, J., Mitchell, D., Sachdev, P., Gandevia, S., 2003. Savant-
like skills exposed in normal people by suppressing the left fronto-temporal
lobe. Journal of Integrative Neuroscience 2 (2), 149—-158.

Snyder, A., Bahramali, H., Hawker, T., Mitchell, D.J., 2006. Savant-like numerosity
skills revealed in normal people by magnetic pulses. Perception 35, 837—845.

Sonkusare, S.K., Kaul, C.L., Ramarao, P.,, 2005. Dementia of Alzheimer’s disease and
other neurodegenerative disorders — memantine, a new hope. Pharmacological
Research 51, 1-17.

Strauss, J., Lewis, ].L., Klorman, R., Peloquin, L.J., Perlmutter, R.A., Salzman, L.F.,, 1984.
Effects of methylphenidate on young adults’ performance and event-related
potentials in a vigilance and a paired-associates learning test. Psychophysi-
ology 21, 609—621.

Strobach, T., Frensch, P.A., Schubert, T., 2012. Video game practice optimizes exec-
utive control skills in dual-task and task switching situations. Acta Psychologica
140 (1), 13—24.

Sulzer, D., Sonders, M.S., Poulsen, N.W., Galli, A., 2005. Mechanisms of neuro-
transmitter release by amphetamines: a review. Progress in Neurobiology 75,
406—433.

Sungur, H., Boduroglu, A., 2012. Action video game players form more detailed
representation of objects. Acta Psychologica 139 (2), 327—334.

Stinram-Lea, S.I, Foster, J.K., Durlach, P, Perez, C., 2001. Glucose facilitation of
cognitive performance in healthy young adults: examination of the influence of
fast-duration, time of day and pre-consumption plasma glucose levels.
Psychopharmacology 157, 46—54.

Stinram-Lea, S.I, Foster, ].K., Durlach, P., Perez, C., 2002a. The effects of retrograde
and anterograde glucose administration on memory performance in healthy
young adults. Behavioural Brain Research 134, 505—516.

Siinram-Lea, S.I., Foster, ].K., Durlach, P, Perez, C., 2002b. Investigation into the
significance of task difficulty and divided allocation of resources on the glucose
memory facilitation effect. Psychopharmacology (Berl) 160, 387—397.

Suthana, N., Haneef, Z., Stern, ]., Mukamel, R., Behnke, E., Knowlton, B., et al., 2012.
Memory enhancement and deep-brain stimulation of the entorhinal area. New
England Journal of Medicine 366 (6), 502—510.

Takeuchi, H., Sekiguchi, A., Taki, Y., Yokoyama, S., Yomogida, Y., Komuro, N., et al.,
2010. Training of working memory impacts structural connectivity. The Journal
of Neuroscience 30 (9), 3297—3303.

Talbot, M., 2009. Brain Gain. The New Yorker.

Tanaka, S., Michimata, C., Kaminaga, T., Honda, M., Sadato, N., 2002. Superior digit
memory of abacus experts: an event-related functional MRI study. NeuroReport
13, 2187-2191.

Tardif, S., Simard, M., 2011. Cognitive stimulation programs in healthy elderly:
a review. International Journal of Alzehimer's Disease 2011 (378934).

Teo, F., Hoy, K.E., Daskalakis, ZJ., Fitzgerald, P.B., 2011. Investigating the role of
current strength in tDCS modulation of working memory performance in
healthy controls. Frontiers in Psychiatry 2 (45).

The Economist, 2008. All on the Mind. The Economist.

Thorell, LS.L, Bergman Nutley, S., Bohlin, G., Klingberg, T., 2009. Training and
transfer effects of executive functions in preschool children. Developmental
Science 12 (1), 106—113.

Thut, G., Nietzel, A., Pascual-Leone, A., 2004. Dorsal posterior parietal rTMS affects
voluntary orienting of visuospatial attention. Cerebral Cortex 15 (5), 628—638.

Tononi, G., Cirelli, C., 2003. Sleep and synaptic homoestasis: a hypothesis. Brain
Research Bulletin 62, 143—150.

van Uffelen, J.G., Chin, A., Paw, M.J., Hopman-Rock, M., van Mechelen, W., 2008
Nov. The effects of exercise on cognition in older adults with and without
cognitive decline: a systematic review. Clinical Journal of Sport Medicine 18
(6), 486—500.

Vaynman, S., Ying, Z., Gomez-Pinilla, F., 2004 Nov. Hippocampal BDNF mediates the
efficacy of exercise on synaptic plasticity and cognition. European Journal of
Neuroscience 20 (10), 2580—2590.

Verhaeghen, P., Marcoen, A., Goossens, L., 1992. Improving memory performance in
the aged through mnemonic training: a meta-analytic study. Psychology and
Aging 7, 242—251.

Volkow, N.D., Wang, GJ., Fowler, J.S., Logan, ]., Gatley, S.J., Wong, C., Hitzemann, R.,
Pappas, N.R, 1999a. Reinforcing effects of psychostimulants in humans are
associated with increases in brain dopamine and occupancy of D(2) receptors.
Journal of Pharmacology and Experimental Therapeutics 291, 409—415.

Volkow, N.D., Wang, GJ., Fowler, J.S., Gatley, SJ., Logan, J., Ding, Y., Dewey, S.L,
Hitzemann, R., Gifford, A.N., Pappas, N.R,, 1999b. Journal of Pharmacology and
Experimental Therapeutics 288, 14—20.

Volkow, N.D., Fowler, ].S., Logan, J., Alexoff, D., Zhu, W., Telang, F., et al., 2009. Effects
of modafinil on dopamine and dopamine transporters in the male human brain:
clinical implications. JAMA 301, 1148—1154.

Voss, M.\W,, Prakash, R.S., Erickson, K.I, Basak, C., Chaddock, L., Kim, J.S., Alves, H.,
Heo, S., Szabo, A.N. White, S.M., Wo¢jcicki, T.R., Mailey, E.L, Gothe, N,
Olson, E.A., McAuley, E., Kramer, A.F,, 2010 Aug 26. Plasticity of brain networks
in a randomized intervention trial of exercise training in older adults. Frontiers
in Aging Neuroscience 2. pii: 32.

Wagner, U,, Gais, S., Haider, H., Verleger, R., Born, ]., 2004. Sleep inspires insight.
Nature 427, 352—355.

Walker, M.P., Brakefield, T., Morgan, A., Hobson, J.A., Stickgold, R., 2002 Jul 3.
Practice with sleep makes perfect: sleep-dependent motor skill learning.
Neuron 35 (1), 205-211.

Wang, A.Y., Thomas, M.H., 2000. Looking for long-term mnemonic effects on serial
recall: the legacy of Simonides. American Journal of Psychology 113, 331—-340.



M. Dresler et al. / Neuropharmacology 64 (2013) 529—543 543

Warburton, D.M., Bersellini, E., Sweeney, E., 2001. An evaluation of a caffeinated
taurine drink on mood, memory and information processing in healthy
volunteers without caffeine abstinence. Psychopharmacology 158 (3), 322—328.

Wesensten, N.J., Belenky, G., Kautz, M.A,, Thorne, D.R,, Reichardt, R.M., Balkin, T].,
2002. Maintaining alertness and performance during sleep deprivation: mod-
afinil versus caffeine. Psychopharmacology 159, 238—247.

Wetzel, C.D., Squire, L.R., Janowsky, D.S., 1981. Methylphenidate impairs learning
and memory in normal adults. Behavioral and Neural Biology 31, 413—424.
Whitmore, J., Hickey, P., Doan, B., Harrison, R., Kisner, J., Beltran, T., McQuade, J.,
Fischer, J., Marks, F,, 2006. A Double-blind Placebo Controlled Investigation of
the Efficacy of Modafinil for Maintaining Alertness and Performance in Sus-
tained Military Ground Operations. United States Air Force Research Laboratory.

Report AFRL-HE-BR-TR-2006-0005.

Wilens, T.E., Adler, L.A., Adams, J., Sgambati, S., Rotrosen, ]., Sawtelle, R., et al., 2008.
Misuse and diversion of stimulants prescribed for ADHD: a systematic review of
the literature. Journal of the American Academy of Child and Adolescent
Psychiatry 47, 21-31.

Wilkinson, D., Nicholls, S., Pattenden, C., Kilduff, P., Milberg, W., 2008. Galvanic
vestibular stimulation speeds visual memory recall. Experimental Brain
Research 189, 243—-248.

Williams, Z.M., Eskandar, E.N., 2006. Selective enhancement of associative learning
by microstimulation of the anterior caudate. Nature Neuroscience 9, 562—568.

Wilson, M.A., McNaughton, B.L, 1994. Reactivation of hippocampal ensemble
memories during sleep. Science 265, 676—679.

Winter, B., Breitenstein, C., Mooren, F.C., Voelker, K., Fobker, M., Lechtermann, A.,
Krueger, K., Fromme, A., Korsukewitz, C., Floel, A., Knecht, S., 2007. High impact
running improves learning. Neurobiology of Learning and Memory 87,
597-609.

Worthen, ].B., Hunt, R.R.,, 2011a. Mnemonics: underlying processes and practical
applications. In: Byrne, J. (Ed.), Concise Learning and Memory. Academic Press,
Waltham.

Worthen, ].B., Hunt, R.R., 2011b. Mnemonology. Psychology Press, New York.

Yates, F.A., 1966. The Art of Memory. Routledge, London.

Yesavage, J.A., Mumenthaler, M.S., Taylor, J.L., Friedman, L., O'Hara, R., Sheikh, J.,
et al., 2002. Donepezil and flight simulator performance: effects on retention of
complex skills. Neurology 59, 123—125.

Young, R.L.,, Ridding, M.C., Morrell, T.L., 2004. Switching skills on by turning off part
of the brain. Neurocase 10 (3), 215—222.

Zeidan, F,, Johnson, S.K., Diamond, B.J., David, Z., Goolkasian, P., 2010. Mindfulness
meditation improves cognition: evidence of brief mental training. Conscious-
ness and Cognition 19, 597—605.

Zelinski, E.M., Spina, L.M.,, Yaffe, K., Ruff, R., Kennison, R.F,, Mahncke, HW,, et al.,
2011. Improvement in memory with plasticity-based adaptive cognitive
training: results of the 3-month follow-up. Journal of the American Geriatrics
Society 59 (2), 258—265.

Ziemann, U., Corwell, B., Cohen, L.G., 1998. Modulation of plasticity in human motor
cortex after forearm ischemic nerve block. The Journal of Neuroscience 18 (3),
1115-1123.



	Non-pharmacological cognitive enhancement
	1. Introduction
	2. Pharmaceuticals
	3. Nutrition
	4. Physical exercise
	5. Sleep
	6. Meditation
	7. Mnemonics
	8. Computer training
	9. Brain stimulation
	10. Ethical issues
	11. Conclusions
	Role of the funding source
	References


