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Given that our ability to remember is
inherently limited, one “solution” is to
artificially enhance memory. Here I discuss
four general approaches that have been
developed to augment human long-term
memory: nootropics agents, brain stimulation, mnemonic strategies, and external aids. The former two have only been
recently developed in the field of systems neuroscience, and have become the
focus of ethical debate. For example, some
ethicists question the propriety of artificial memory enhancement in healthy individuals. As I demonstrate here, all four
methods have been considered ethically
suspect at one time or another. In medieval
times, the use of mnemonics was considered immoral by many, and even the use
of written texts as memory aids has been
suggested as producing the appearance of
knowledge, void of actual knowledge. Here
I present a summary of each approach,
beginning with those that fall within the
scope of systems neuroscience, and discuss considerations critical to each of their
respective ethical debates.

NOOTROPICS
Nootropics are pharmacological agents
consumed solely for the purpose of cognitive enhancement, sometimes referred
to as “cosmetic use.” Most nootropics
are prescription drugs developed to treat
a disorder, but are instead taken offlabel for cognitive enhancement. However,
nootropics by the broadest definition can
also include well-accepted psychoactive
compounds including caffeinated drinks
and energy drinks. Currently there is
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some evidence that caffeine can enhance
memory (Jarvis, 1993; Hameleers et al.,
2000; Borota et al., 2014), however, results
are not conclusive (Nehlig, 2010). Active
ingredients used in energy drinks, such
as taurine and guaraná, can also enhance
memory (Alford et al., 2001; Haskell et al.,
2007). There is also evidence that nicotine
and sage have beneficial effects on memory (Tildsley et al., 2005; Heishman et al.,
2010). In general, nootropics can enhance
memory encoding, but also may influence
retrieval processes.
Numerous drugs are taken off-label
for their nootropic properties (see Lannii
et al., 2008, for a review). Piracetam is
credited as the first nootropic (Winblad,
2005; Winnicka et al., 2005; Margineau,
2011) and has demonstrated memory
enhancing effects (Dimond and Brouwers,
1976). Unlike most drugs, piracetam has a
very weak affinity to receptors (Winblad,
2005; Margineau, 2011) and its mechanism of action is unclear. Since the
initial report of piracetam’s memory facilitation in 1976, pharmacology research
has attempted to identify other compounds with memory enhancing abilities. Modafinil, marketed as a treatment
for sleep disorders, has been found to
enhance memory (see Repantis et al.,
2010, for a review). Of particular interest, Kohli et al. (2009) found modafinil to
enhance both quality and speed of memory. Additionally, memory enhancements
were sustained after continued administration. Recent research with ampakines
in non-human primates have also yielded
promising results (e.g., Porrino et al.,
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2005). While many other nootropics also
exist, such as adderall and ritalin, these
drugs do not enhance memory directly,
but can effect other cognitive abilities (de
Jongh et al., 2008; Lannii et al., 2008).
Recent studies have shown that university students around the world are
taking nootropics to improve academic
performance (e.g., Eickenhorst et al., 2012;
Dietz et al., 2013; Kudlow et al., 2013;
Mazanov et al., 2013; Partridge et al., 2013;
Sattler and Wiegel, 2013), though prevalence rates vary greatly between studies.
Eickenhorst et al. (2012) surveyed students to determine the motivations for
using nootropics and found that improving concentration, vigilance, and cognitive potential ranked the highest, though
enhancing memory was also a major
motive. However, it can be argued that
nootropics lead to an uneven playing field,
where wealthier individuals, who have
access to nootropics, can perform better
academically. While the ethics of nootropics is an emerging topic, the consumption of drugs to enhance performance
is a time-worn topic within the field of
athletics, where such drugs are considered cheating. Additionally, it is unclear
what would constitute enhancement versus therapy—consider an older adult with
gradually decreasing memory, is it “fair”
to use nootropics to perform at the same
level as a young adult, or would this be
cheating?

BRAIN STIMULATION
Brain regions can be non-invasively
stimulated using transcranial magnetic
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stimulation (TMS) or transcranial direct
current stimulation (tDCS). Briefly, both
of these techniques modulate the excitability of neurons in the targeted regions. See
Sparing and Mottaghy (2008) for a technical review of TMS and tDCS methodology.
As both of these methods have limited
depth of penetration, the main memoryrelated regions (i.e., the medial temporal
lobe) cannot be targeted. However, the
dorsolateral prefrontal cortex (DLPFC)
has been shown to be important to memory encoding and is often the target of
TMS or tDCS in memory studies (e.g.,
Marshall et al., 2004; Gagnon et al., 2011;
Javadi and Walsh, 2012; Javadi et al., 2012).
As both of these methods are unlikely to
globally enhance cognitive function, but
instead increase activity in one region
while decreasing activity in another (net
zero-sum model; Brem et al., 2014), it is
important to consider the role of DLPFC
in memory. The DLPFC is often associated
with attention and working-memory (e.g.,
Lebedev et al., 2004). Though the aforementioned studies focused on DLPFC
stimulation, other regions of the PFC
have also been related to memory function (Blumenfeld and Ranganath, 2007).
The PFC in general has been associated
with several facets of higher-level cognition (see Wood and Grafman, 2003, for a
review), with an emphasis on goal planning (Passingham and Wise, 2012). One
view of the relation between attention
and episodic memory is that information must first be attended to before it
can be successfully encoded into memory. Along with this, working memory can
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serve as an intermediate process between
attending to the information and the
encoding of it.
To stimulate a brain region using TMS,
pulses need to be applied concurrent with
the memory task (also see Walsh and
Cowey, 2000). As a result, TMS can only
be effectively used within a controlled (i.e.,
laboratory) setting and cannot be readily used as a memory enhancement technique by one’s self. In contrast, though
not done in conjunction with a memory
task, changes in cortical excitability due to
tDCS stimulation have been shown to persist 90 minutes after stimulation (Nitsche
et al., 2003, 2005), and in some cases can
have persisting after-effects even 30 days
later (Boggio et al., 2008). Additionally,
tDCS devices are becoming available to the
public (Nature Editorial, 2013), targeted
at improving attention and reaction time
in gamers. Of particular concern, this also
allows parents to use tDCS in-home with
their children to hasten learning (Kadosh
et al., 2012), despite the effects of tDCS on
development being unclear. Kadosh et al.
(2012) suggest that using tDCS to enhance
learning may be viewed as cheating as
it can confer an “unearned,” and thus
unfair, advantage to the user. However, hiring a tutor could be similarly unfair as
the tutor’s guidance would make learning
easier.
Memory can also be enhanced through
invasive stimulation. Of course, invasive
methods cannot be ethically conducted on
the same scale and with the same control measures as with non-invasive methods. Hamani et al. (2008) describe a case

where a patient was implanted with a
deep brain stimulation (DBS) device targeted at the hypothalamus to treat morbid
obesity. Through post-operative CT scans,
the researchers estimated that the electrodes were located in the hypothalamus,
but two were notably proximal to the
fornix. Initial stimulation of one electrode
evoked an autobiographical memory from
decades prior. Of particular relevance,
the patient developed enhanced memory
function. Hamani et al. found that DBS led
to greater activation in the patient’s hippocampus and parahippocampal gyrus.
Suthana et al. (2012) implanted DBS electrodes in the entorhinal cortex of epilepsy
patients and found enhanced spatial memory. Generally, such DBS studies are only
conducted with patients that have already
been implanted with electrodes for nonmemory reasons (e.g., localizing epilepsy
foci), but recent successes may soon lead
DBS to be used as a treatment for patients
with memory impairments. Laxton et al.
(2010) implanted DBS electrodes in the
fornix in Alzheimer’s patients. Stimulation
drove activity in entorhinal and hippocampal regions and improved memory.
Recent research in non-human primates has also lead to the development of a neuroprosthetic device that
enhances memory through task-specific
activity (Hampson et al., 2013). In contrast to DBS, where fixed frequency stimulation is used to activate regions, this
neuroprosthetic device is built using a
nonlinear systems approach that computes
multiple-input-multiple-output (MIMO)
associations with CA3 spike trains as

FIGURE 1 | Graphical representation of the mathematical model developed by Berger et al. (2011) to simulate connectivity between CA3 and CA1 of
the hippocampus. Figure adapted from Berger et al. (2013).
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inputs and CA1 spike trains as outputs (see Figure 1; Berger et al., 2011,
2013). More recent developments with
this model have allowed for the transference of memories between individuals (Deadwyler et al., 2013). Converging
with non-invasive methods, the MIMO
device has also been implanted in the PFC
and shown to enhance memory (Hampson
et al., 2012).
Invasive stimulation techniques involve
a myriad of additional ethical issues that
are not present with non-invasive methods. For instance, it is unethical to implant
stimulation devices purely for research, an
upcoming ethical issue will be the option
to opt for elective brain implants. As people are already able to opt for cosmetic
surgery in the absence of any medical
issues, it seems reasonable that one should
also be able to elect for cognitive enhancements without a medical need. Along these
lines, individuals who get cosmetic surgery
can still compete in a beauty pageant without being considered “cheaters.” Simply
put, assuming no significant risks, should
an operation to improve attractiveness
be more ethical than improving cognition? That being said, further research is
needed before one can ask their family
physician for a referral to get a “memory
implant.”

MNEMONICS
The least controversial approach to
enhancing one’s memory is to use a strategy (i.e., mnemonics), sometimes referred
to as internal aids. Countless strategies
exist to improve memory encoding, several of which can be used spontaneously,
such as rote repetition, making a sentence
or story, imagining the to-be-remembered
words, and forming a mnemonic using the
first letters of the words (Harris, 1980;
Intons-Peterson and Fournier, 1986).
Additionally, everyday memory experts
such as waiters (Ericsson and Polson,
1988; Bekinschtein et al., 2008), taxi
drivers (Maguire et al., 2000), and chess
masters (Chase and Simon, 1973; Gobet
and Simon, 1996) use more specialized
strategies.
For more generalizable strategies it
is most useful to focus on individuals
who have trained themselves to have
superior memory. Maguire et al. (2003)
compared superior memorizers, those
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who placed highly in the World Memory
Championships, to controls. Most superior memorizers reported using the
method of loci, a strategy first developed
by ancient Greeks, and sometimes referred
to as a “memory palace.” In this strategy,
one imagines a familiar environment (usually their home) and walks through this
imagined environment, placing the to-beremembered items at various locations
(loci). To recall the items, the individual
imagines walking through the environment and sees the items once again (also
see Yates, 1966; Raz et al., 2009; Legge
et al., 2012; Madan and Singhal, 2012).
Importantly, superior memorizers have
been found to exhibit differences in functional activations in the hippocampus
and retrosplenial cortex (Maguire et al.,
2003). Other techniques can also be used
to achieve extraordinary memory, such
as chunking, where information is hierarchically grouped (e.g., Chase and Simon,
1973). The primary flaw of mnemonics is
that effective use often requires extensive
practice.
Considering the ethics of mnemonic
use, some Christians in the middle ages
viewed mnemonics as immoral, considering them to be magic, in part due to their
pagan roots (Yates, 1964, 1966). However,
others embraced it and used it as a tool for
the remembrance of Biblical text.

EXTERNAL AIDS
External aids such as written lists can
artificially improve memory (see Harris,
1980, and Intons-Peterson and Fournier,
1986, for a comprehensive list of aids),
and are primarily used as retrieval cues.
Modern technology has vastly increased
the capacity and convenience of external
aids, particularly due to the advent of cell
phones (Wilson et al., 1999; Wade and
Troy, 2001; Svoboda et al., 2012). While
the use of external aids is relatively innocuous, it is not free of debate. In Phaedrus,
Plato (360 BC, 275a) recounts a conversation where Socrates cautions Phaedrus
against being too dependent on written
texts:
Trust in writing will make them remember things by relying on marks made by
others, from outside themselves, not on
their own inner resources, and so writing will make the things they have learnt
disappear from their minds. [Writing]
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is a potion for jogging the memory,
not for remembering. You provide your
students with the appearance of intelligence, not real intelligence. Because your
students will be widely read, though
without any contact with a teacher, they
will seem to be men of wide knowledge,
when they will usually be ignorant.

This passage still rings true and may even
be more relevant today. With ready access
to the Internet, people have even less
reason to remember information directly,
instead remembering where to find the
information, but not the information itself
(Sparrow et al., 2011). However, information stored using external aids is less
susceptible to memory biases (e.g., false
memories, primacy and recency effects).
Future neuroimaging research comparing
cued versus uncued memories using external aids may provide additional insight
into the neuronal mechanisms of memory.

CONCLUSION
Recent advances in systems neuroscience
have provided new approaches to artificially enhancing memory; however, these
have not come without controversy. While
it is not possible to resolve these debates
without further discussion, it is important to acknowledge that although other
approaches to artificially enhancing memory appear innocuous now, this has not
always been the case. One direction forward is to draw parallels with other fields
that have observed similar debates in the
past, such as in the case of performanceenhancing drugs for athletes and cosmetic
surgery for beauty competitions, and benefit from the discourse that has already
surrounded their own ethical disputes.
MEMORY AUGMENTATION AS AN
INTERVENTION

While the focus of this article is the use
of augmentation to enhance memory in
healthy individuals, it is important to
acknowledge that these methods should
be equally, if not more, beneficial to individuals with diminished memory function (e.g., older adults and Alzheimer’s
patients). Additionally, it is possible that
diminished function can be a form of
enhancement (Earp et al., 2014). With
respect to impaired memory as an intervention, one such case would be patients
with post-traumatic stress disorder.

March 2014 | Volume 8 | Article 30 | 3

Madan

ACKNOWLEDGMENTS
This work was supported by an
Alexander Graham Bell Canada Graduate
Scholarship (Doctoral level) from Natural
Sciences and Engineering Research
Council (NSERC) of Canada.

REFERENCES
Alford, C., Cox, H., and Wescott, R. (2001). The
effects of red bull energy drink on human performance and mood. Amino Acids 21, 139–150. doi:
10.1007/s007260170021
Bekinschtein, T. A., Cardozo, J., and Manes, F. F.
(2008). Strategies of Buenos Aires waiters to
enhance memory capacity in a real-life setting.
Behav. Neurol. 20, 65–70. doi: 10.1155/2008/
621964
Berger, T. W., Hampson, R. E., Song, D.,
Goonawardena, A., Marmarelis, V. Z., and
Deadwyler, S. A. (2011). A cortical neural prosthesis for restoring and enhancing memory. J. Neural
Eng. 8:046017.
Berger, T. W., Song, D., Marmarelis, V. Z., LaCoss, J.,
Wills, J., Gernhardt, G. A., et al. (2013). “Reverse
engineering the brain: a hippocampal cognitive
prosthesis for repair and enhancement of memory
function,” in Neural Engineering, ed B. He (New
York, NY: Springer), 725–764. doi: 10.1007/978-14614-5227-0_18
Blumenfeld, R. S., and Ranganath, C. (2007).
Prefrontal cortex and long-term memory encoding: An integrative review of findings from neuropsychology and neuroimaging. Neuroscientist
13, 280–291. doi: 10.1177/1073858407299290
Boggio, P. S., Rigonatti, S. P., Ribeiro, R. B.,
Myczkowski, M. L., Nitsche, M. A., Pascual-Leone,
A., et al. (2008). A randomized, double-blind clinical trial on the efficacy of cortical direct current
stimulation for the treatment of major depression.
Int. J. Neuropsychopharmacol. 11, 249–254. doi:
10.1017/S1461145707007833
Borota, D., Murray, E., Keceli, G., Chang, A., Watabe,
J. M., Ly, M., et al. (2014). Post-study caffeine
administration enhances memory consolidation in
humans. Nat. Neuro. 17, 201–203. doi: 10.1038/
nn.3623
Brem, A.-K., Fried, P. J., Horvath, J. C., Robertson,
E. M., and Pascual-Leone, A. (2014). Is neuroenhancement by noninvasive brain stimulation a net
zero-sum proposition? Neuroimage 85, 1058–1068.
doi: 10.1016/j.neuroimage.2013.07.038
Chase, W. G., and Simon, H. A. (1973). Perception in
chess. Cogn. Psychol. 4, 55–81. doi: 10.1016/00100285(73)90004-2
Deadwyler, S. A., Berger, T. W., Sweatt, A. J., Song,
D., Chan, R. H. M., Opris, I., et al. (2013).
Donor/recipient enhancement of memory in rat
hippocampus. Front. Syst. Neurosci. 7:120. doi:
10.3389/fnsys.2013.00120
de Jongh, R., Bolt, I., Scherer, M., and Olivier, B.
(2008). Botox for the brain: enhancement of cognition, mood and pro-social behavior and blunting of unwanted memories. Neurosci. Biobehav.
Rev. 32, 760–776. doi: 10.1016/j.neubiorev.2007.
12.001
Dietz, P., Striegel, H., Franke, A. G., Lieb, K.,
Simon, P., and Ulrich, R. (2013). Randomized

Frontiers in Systems Neuroscience

Augmented memory

response estimates for the 12-month prevalence of cognitive-enhancing drug use in university students. Pharmacother 33, 44–50. doi:
10.1002/phar.1166
Dimond, S. J., and Brouwers, E. Y. M. (1976). Increase
in the power of human memory in normal man
through the use of drugs. Psychopharmacol 49,
307–309. doi: 10.1007/BF00426834
Earp, B. D., Sandberg, A., Kahane, G., and Savulescu, J.
(2014). When is diminishment a form of enhancement? Rethinking the enhancement debate in
biomedical ethics. Front. Syst. Neurosci. 8:12. doi:
10.3389/fnsys.2014.00012
Eickenhorst, P., Vitzthum, K., Klapp, B. F.,
Groneberg, D., and Mache, S. (2012).
Neuroenhancement among German university
students: Motives, expectations, and relationship
with psychoactive lifestyle drugs. J. Psychoact.
Drugs 44, 418–427. doi: 10.1080/02791072.
2012.736845
Ericsson, K. A., and Polson, P. G. (1988). An experimental analysis of the mechanisms of a memory skill. J. Exp. Psychol. Learn. Mem. Cogn. 14,
305–316. doi: 10.1037/0278-7393.14.2.305
Gagnon, G., Schneider, C., Grondin, S., and Blanchet,
S. (2011). Enhancement of episodic memory
in young and healthy adults: a paired-pulse
TMS study on encoding and retrieval performance. Neurosci. Lett. 488, 138–142. doi:
10.1016/j.neulet.2010.11.016
Gobet, F., and Simon, H. A. (1996). Recall of rapidly
presented random chess positions is a function of skill. Psychon. Bull. Rev. 3, 159–163. doi:
10.3758/BF03212414
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. Ann. Neurol.
63, 119–123. doi: 10.1002/ana.21295
Hameleers, P. A. H. M., van Boxtel, M. P. J.,
Hogervorst, E., Riedel, W. J., Houx, P. J., Buntinx,
F., et al. (2000). Habitual caffeine consumption
and its relation to memory, attention, planning
capacity and psychomotor performance across
multiple age groups. Hum. Psychopharmacol.
Clin. Exp. 15, 573–581. doi: 10.1002/
hup.218
Hampson, R. E., Gernhardt, G. A., Marmarelis, V.,
Song, D., Opris, I., Santos, L., et al. (2012).
Facilitation and restoration of cognitive function
in primate prefrontal cortex by a neuroprosthesis that utilizes minicolumn-specific neural firing. J. Neural. Eng. 9:056012. doi: 10.1088/17412560/9/5/056012
Hampson, R. E., Song, D., Opris, I., Santos, L. M.,
Shin, D. C., Gerhardt, G. A., et al. (2013).
Facilitation of memory encoding in primate
hippocampus by a neuroprosthesis that promotes task-specific neural firing. J. Neural Eng.
10:066013. doi: 10.1088/1741-2560/10/6/066013
Harris, J. E. (1980). Memory aids people use: Two
interview studies. Mem. Cogn. 8, 31–38. doi:
10.3758/BF03197549
Haskell, C. F., Kennedy, D. O., Wesnes, K. A., Milne,
A. L., and Scholey, A. B. (2007). A doubleblind, placebo-controlled, multi-dose evaluation
of the acute behavioural effects of guaraná in
humans. J. Psychopharmacol. 21, 65–70. doi:
10.1177/0269881106063815

www.frontiersin.org

Heishman, S. J., Kleykamp, B. A., and Singleton,
E. G. (2010). Meta-analysis of the acute effects
of nicotine and smoking on human performance. Psychopharmacol 210, 453–469. doi:
10.1007/s00213-010-1848-1
Intons-Peterson, M. J., and Fournier, J. (1986).
External and internal memory aids: when and how
often do we use them? J. Exp. Psychol. Gen. 115,
267–280. doi: 10.1037/0096-3445.115.3.267
Jarvis, M. J. (1993). Does caffeine intake
enhance absolute levels of cognitive performance? Psychopharmacol 110, 45–52. doi:
10.1007/BF02246949
Javadi, A. H., Cheng, P., and Walsh, V. (2012). Short
duration transcranial direct current stimulation
(tDCS) modulates verbal memory. Brain Stimul. 5,
468–474. doi: 10.1016/j.brs.2011.08.003
Javadi, A. H., and Walsh, V. (2012). Transcranial
direct current stimulation (tDCS) of the left
dorsolateral prefrontal cortex modulates declarative memory. Brain Stimul. 5, 231–241. doi:
10.1016/j.brs.2011.06.007
Kadosh, R. C., Levy, N., O’Shea, J., Shea, N., and
Savulescu, J. (2012). The neuroethics of noninvasive brain stimulation. Curr. Biol. 22, R108–
R111. doi: 10.1016/j.cub.2012.01.013
Kohli, S., Fisher, S. G., Tra, Y., Adams, M. J.,
Mapstone, M. E., Wesnes, K. A., et al. (2009).
The effect of modafinil on cognitive function in
breast cancer survivors. Cancer 115, 2605–2616.
doi: 10.1002/cncr.24287
Kudlow, P. A., Naylor, K. T., Xie, B., and McIntyre,
R. S. (2013). Cognitive enhancement in Canadian
medical students. J. Psychoact. Drugs 45, 360–365.
doi: 10.1080/02791072.2013.825033
Lannii, C., Lenzken, S. C., Pascale, A., Del Vecchio,
I., Racchi, M., Pistoia, F., et al. (2008). Cognition
enhancers between treating and doping the
mind. Pharmacol. Res. 57, 196–213. doi:
10.1016/j.phrs.2008.02.004
Laxton, A. W., Tang-Wai, D. F., McAndrews, M. P.,
Zumsteg, D., Wennberg, R., Keren, R., et al. (2010).
A Phase I trial of deep brain stimulation of memory circuits in Alzheimer’s disease. Ann. Neurol. 68,
521–534. doi: 10.1002/ana.22089
Lebedev, M. A., Messinger, A., Kralik, K. D., and Wise,
S. P. (2004). Representation of attended versus
remembered locations in prefrontal cortex. PLoS
Biol. 2:e365. doi: 10.1371/journal.pbio.0020365
Legge, E. L. G., Madan, C. R., Ng, E. T., and Caplan,
J. B. (2012). Building a memory palace in minutes: equivalent memory performance using virtual versus conventional environments with the
method of loci. Acta Psychol. 141, 380–390. doi:
10.1016/j.actpsy.2012.09.002
Madan, C. R., and Singhal, A. (2012). Motor imagery
and higher-level cognition: four hurdles before
research can sprint forward. Cogn. Process. 13,
211–229. doi: 10.1007/s10339-012-0438-z
Maguire, E. A., Gadian, D. G., Johnsrude, I. S.,
Good, C. D., Ashburner, J., Frackowiak, R.
S. J., et al. (2000). Navigation-related structural change in the hippocampi of taxi drivers.
Proc. Natl. Acad. Sci. U.S.A. 97, 4398–4403. doi:
10.1073/pnas.070039597
Maguire, E. A., Valentine, E. R., Wilding, J. M., and
Kapur, N. (2003). Routes to remembering: the
brains behind superior memory. Nat. Neurosci. 6,
90–95. doi: 10.1038/nn988

March 2014 | Volume 8 | Article 30 | 4

Madan

Margineau, D. G. (2011). A weird concept with
unusual fate: nootropic drug. Rev. Quest. Sci. 182,
33–52.
Marshall, L., Mölle, M., Hallschmid, M., and
Born, J. (2004). Transcranial direct current
stimulation during sleep improves declarative memory. J. Neurosci. 24, 9985–9992. doi:
10.1523/JNEUROSCI.2725-04.2004
Mazanov, J., Dunn, M., Connor, J., and Fielding,
M.-L. (2013). Substance use to enhance academic
performance among Australian university students. Perform Enhanc. Health 2, 110–118. doi:
10.1016/j.peh.2013.08.017
Nature Editorial (2013). Brain blast. Nature 498,
271–272. doi: 10.1038/498271b
Nehlig, A. (2010). Is caffeine a cognitive enhancer? J.
Alzheimers Dis. 20, S85–S94.
Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau,
A., Liebetanz, D., Lang, N., et al. (2003).
Pharmacological modulation of cortical excitability shifts induced by transcranial direct current
stimulation in humans. J. Physiol. 533, 293–301.
doi: 10.1113/jphysiol.2003.049916
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. J. Physiol. 568, 291–303. doi:
10.1113/jphysiol.2005.092429
Partridge, B., Bell, S., Lucke, J., and Hall, W. (2013).
Australian university students’ attitudes towards
the use of prescription stimulants as cognitive
enhancers: perceived patterns of use, efficacy
and safety. Drug Alcohol. Rev. 32, 295–302. doi:
10.1111/dar.12005
Passingham, R. E., and Wise, S. P. (2012). The
Neurobiology of the Prefrontal Cortex: Anatomy,
Evolution, and the Origin of Insight. Cary, NC:
Oxford University Press.
Plato (360 BC). Phaedrus (R. Waterfield, 2002, Trans.).
New York, NY: Oxford University Press.
Porrino, L. J., Daunaus, J. B., Rogers, G. A., Hampson,
R. E., and Deadwyler, S. A. (2005). Facilitation
of task performance and removal of the effects
of sleep deprivation by an ampakine (CX717) in

Frontiers in Systems Neuroscience

Augmented memory

nonhuman primates. PLoS Biol. 3, 1639–1652. doi:
10.1371/journal.pbio.0030299
Raz, A., Packard, M. G., Alexander, G. M., Buhle,
J. T., Zhu, H., Yu, S., et al. (2009). A slice of
π: an exploratory neuroimaging study of digit
encoding and retrieval in a superior memorist.
Neurocase 15, 361–372. doi: 10.1080/1355479090
2776896
Repantis, D., Schlattmann, P., Laisney, O., and Heuser,
I. (2010). Modafinil and methylphenidate for neuroenhancement in healthy individuals: a systematic review. Pharmacol. Res. 62, 187–206. doi:
10.1016/j.phrs.2010.04.002
Sattler, S., and Wiegel, C. (2013). Cognitive test anxiety and cognitive enhancement: the influence of
students’ worries on their use of performanceenhancing drugs. Subst. Use Misuse 48, 220–232.
doi: 10.3109/10826084.2012.751426
Sparing, R., and Mottaghy, F. M. (2008). Noninvasive
brain stimulation with transcranial magnetic
or direct current stimulation (TMS/tDCS)—
from insights into human memory to therapy
of its dysfunction. Methods 44, 329–337. doi:
10.1016/j.ymeth.2007.02.001
Sparrow, B., Liu, J., and Wegner, D. M. (2011). Google
effects on memory: cognitive consequences of having information at our fingertips. Science 333,
776–778. doi: 10.1126/science.1207745
Suthana, N., Haneef, Z., Stern, J., Mukamel, R.,
Behnke, E., Knowlton, B., et al. (2012). Memory
enhancement and deep-brain stimulation of the
entorhinal area. N. Engl. J. Med. 366, 502–510. doi:
10.1056/NEJMoa1107212
Svoboda, E., Richards, B., Leach, L., and Mertens,
V. (2012). PDA and smartphone use by individuals with moderate-to- severe memory impairment: application of a theory-driven training programme. Neuropsychol. Rehabil. 22, 408–427. doi:
10.1080/09602011.2011.652498
Tildsley, N. T. J., Kennedy, D. O., Perry, E. K.,
Ballard, C. G., Wesnes, K. A., and Scholey, A. B.
(2005). Positive modulation of mood and cognitive performance following administration
of acute doses of Salvia lavandulaefolia essential oil to healthy young volunteers. Physiol.

www.frontiersin.org

Behav. 83, 699–709. doi: 10.1016/j.physbeh.
2004.09.010
Wade, T. K., and Troy, J. C. (2001). Mobile phones
as a new memory aid: a preliminary investigation using case studies. Brain Inj. 15, 305–320. doi:
10.1080/026990501750111256
Walsh, V., and Cowey, A. (2000). Transcranial magnetic stimulation and cognitive neuroscience. Nat.
Rev. Neuro. 1, 73–79. doi: 10.1038/35036239
Wilson, B. A., Emslie, H., Quirk, K., and Evans,
J. (1999). George: learning to live independently
with NeuroPage. Rehabil. Psychol. 44, 284–296.
doi: 10.1037/0090-5550.44.3.284
Winblad, B. (2005). Piracetam: a review of pharmacological properties and clinical uses. CNS Drug
Rev. 11, 169–182. doi: 10.1111/j.1527-3458.2005.
tb00268.x
Winnicka, K., Tomasiak, M., and Bielawksa, A. (2005).
Piracetam — an old drug with novel properties?
Acta Pol. Pharm. 62, 405–409.
Wood, J. N., and Grafman, J. (2003). Human prefrontal cortex: processing and representation perspectives. Nat. Rev. Neurosci. 4, 139–147. doi:
10.1038/nrn1033
Yates, F. A. (1964). Giordano Bruno and the Hermetic
Tradition. London: Routledge.
Yates, F. A. (1966). The Art of Memory. London:
Routledge.
Received: 12 January 2014; accepted: 10 February 2014;
published online: 03 March 2014.
Citation: Madan CR (2014) Augmented memory: a survey of the approaches to remembering more. Front. Syst.
Neurosci. 8:30. doi: 10.3389/fnsys.2014.00030
This article was submitted to the journal Frontiers in
Systems Neuroscience.
Copyright © 2014 Madan. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

March 2014 | Volume 8 | Article 30 | 5

