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Abstract
The ongoing quest for memory enhancement is one that grows necessary as the global population
increasingly ages. The extraordinary progress that has been made in the past few decades
elucidating the underlying mechanisms of how long-term memories are formed has provided
insight into how memories might also be enhanced. Capitalizing on this knowledge, it has been
postulated that targeting many of the same mechanisms, including CREB activation, AMPA/
NMDA receptor trafficking, neuromodulation (e.g. via dopamine, adrenaline, cortisol or
acetylcholine) and metabolic processes (e.g. via glucose and insulin) may all lead to the
enhancement of memory. These and other mechanisms and/or approaches have been tested via
genetic or pharmacological methods in animal models, and several have been investigated in
humans as well. In addition, a number of behavioral methods, including exercise and
reconsolidation, may also serve to strengthen and enhance memories. By capitalizing on this
knowledge and continuing to investigate these promising avenues, memory enhancement may
indeed be achieved in the future.

Those who cannot remember the past are condemned to repeat it. – George
Santayana

Memories are a fundamental part of our identity. As highlighted by the quote above,
memories guide our behavior at every moment by reminding us of our past actions and their
outcomes. For those individuals whose capacity to form memories is disrupted, life becomes
increasingly difficult and isolating. The cognitive dysfunction associated with many
debilitating diseases, including Alzheimer’s disease (AD), diabetes, Parkinson’s disease
(PD), and even in aging, demands effective therapies that can lead to recovery of memory
functions or memory enhancement.

One strategy that may lead to the identification of memory enhancers is to capitalize on the
knowledge gained by the biological study of long-term memory formation and storage. In
the last two decades, extraordinary progress has been made in the understanding of the
cellular and molecular mechanisms that are used for memory formation in several different
species and types of learning. Results from these studies have left us with core knowledge
about the role of conserved gene expression pathways, such as those regulated by the cAMP
response element-binding-CCAAT enhancer binding protein (CREB-C/EBP) transcription
factors1. In parallel, cellular and electrophysiological investigations have led to the
discovery of long-term potentiation (LTP) and long-term depression (LTD) which provide
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cellular models for testing mechanisms of plasticity associated with memory formation2.
Disruption of these mechanisms has pointed to useful approaches and targets for the
development of therapies that attenuate obtrusive memories, such as those contributing to
post-traumatic stress disorder (PTSD), phobias, and drug addiction3. On the other hand, the
identification of mechanisms that can amplify, enhance and/or strengthen synaptic plasticity
represents potential therapeutic tools for enhancing adaptive memories and contrasting the
onset and progression of disorders of cognitive functions.

The focus of this Review is to provide an overview of the treatments that have been reported
to promote memory enhancement and, where known, their underlying mechanisms.
Particular attention will be given to the description of the various stages of learning and
memory storage that can be targeted for enhancement as well as the different forms of
memories that can be enhanced. First, we will summarize the basic knowledge underlying
learning and memory that is relevant for discussions pertaining to memory enhancement.
We will then review mechanisms of memory enhancement found with various substances/
approaches, focusing on which types and stages of memory are enhanced in both animal
models and human subjects. Given the vast literature on pharmacological compounds or
approaches that modulate memory, it is not feasible to discuss every possible route to
cognitive/memory enhancement; however, it is our intent to summarize the major findings
obtained with pharmacological, neuromodulatory and behavioral methods. Moreover, we do
not provide a comprehensive knowledge of memory enhancement obtained in transgenic
models, with a few exceptions that are pertinent to the topics of this review. We thus refer to
excellent and exhaustive reviews for genetic approaches to memory enhancement4, 5.

Defining Memory and Targeting Phases for Memory Enhancement
1. Stages of Memory Formation and Storage

Since Ebbinghaus conducted his famous studies in memorizing nonsense syllables6, it has
been universally recognized that memory consists of multiple stages, including acquisition/
encoding, working memory/short-term memory, long-term memory/consolidation, memory
retrieval, and reconsolidation (see Box A for detailed description of memory stages).

Acquisition/Encoding is the initial stage of memory formation in which the subject learns
something new (ie. acquires information). This process requires that the subject be attentive,
and that there be no retroactive or proactive interference that occlude learning of the current
information. Working memory refers to the holding of information online in order to keep
processing additional information, whereas short-term memory is the ability to hold the
given information offline in mind for a given period. Short-term memory (STM) thus refers
to memories that are held in mind for a relatively short period of time – seconds to minutes
(ie. remembering a phone-number until you can write it down)7. This differs from long-term
memory, which can hold information for long periods of time, without a predefined limit on
the quantity of information held.

Long-term memories (LTM), in fact, can last for days, months, years, even a lifetime. The
process that transforms the learned information into LTM is known as memory
consolidation, the process that accompanies the transition from a labile memory to one that
is stable and resistant to disruption. This transition requires a number of molecular, cellular
and structural changes that occur over time, with some completing over hours or days and
others extending over weeks, months or perhaps even years; once those events are
completed, the memory is considered stable or consolidated8. If any of the phases
underlying consolidation is disrupted, memory is lost. Finally, retrieval is the process of
recalling a memory. A challenge for studies aiming to identify the mechanisms of memory
consolidation is the difficulty in discerning whether a memory deficit lies in the
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consolidation process (ie. the memory was never formed or was eliminated) or the retrieval
process (ie. the memory is stored but cannot be retrieved, or recalled). Furthermore, it is
likely that substances that enhance retrieval might be clinically beneficial, yet this stage of
memory has received little attention thus far. Importantly, both the number and modality of
retrievals can influence memory consolidation and storage.

In the 1960’s, and later again around the year 2000, it was shown that retrieval of a memory
that has become resilient to the initial molecular interference initiates another round of
consolidation as, in fact, this retrieved memory becomes again temporarily labile, and
undergoes a re-stabilization process in order to be maintained9. This re-stabilization is
known as reconsolidation. The function of reconsolidation is still being debated, however,
one compelling hypothesis is that it facilitates memory strengthening, an intriguing outcome
which will be discussed in further detail below.

Why is it important to differentiate these different stages of memory in the context of
discovering memory enhancers? Cognitive dysfunction can result from impairments in one
or more of these stages, and is it thus critical to identify stages can be selectively or better
targeted for the most efficacious cognitive therapy. For example, a substance that enhances
attention may increase the probability of the information being encoded successfully, and
therefore may enhance the memory10. Additionally, a prominent symptom of the devastating
AD seems to be the inability to consolidate long-term memories, as a gradient of retrograde
amnesia accompanies AD progression11, 12. However, many AD patients also have attention
deficits, which would in turn cause a problem with the initial encoding13. This is particularly
true also for PD patients, where deficits in attention and executive control are the paramount
cognitive impairments14. But even without the extremes of these devastating pathologies, in
healthy individuals - particularly with aging - a common complaint is not being able to
“remember” well enough, which commonly refers to the inability to retrieve memories15,
though it is not entirely clear where the exact impairment in normal aging lies16. Thus, in an
experimental setting, it is important to consider which stage of memory a putative memory
enhancer is affecting. This is relatively straightforward via pharmacological means, which
can be administered at any time point, before or after training or retrieval. Genetic or
molecular approaches represent other means to manipulate memories, and different
behavioral tasks may be tested to get a sense of which stages are affected by the
manipulation, for example working memory tasks vs. long-term memory tasks (See Box A
for descriptions of common tasks used for these purposes). Undoubtedly, all behavioral,
pharmacological and molecular approaches represent important levels of investigation that,
in combination, can provide a better understanding of mechanisms of memory formation and
enhancement.

2. Types of Memories and Memory Systems
Memories can be classified not only in a temporal manner, but also according to their type
and function, as well as by which brain regions underlie their formation and processing17.
The view that memories could be anatomically localized has been long disputed. A
landmark discovery in this area was that of Brenda Milner who studied the memory deficits
of a patient known as H.M. Due to severe epilepsy, H.M. underwent a bilateral medial
temporal lobe resection and, while he emerged fully treated from the epilepsy, he developed
profound memory deficits that were mostly restricted to the formation of long-term explicit
memories. Studies conducted with H.M. and other patients with selective brain damage
suggested that there are numerous memory types that can exist independently, but often
interact18 (Figure 1). Explicit - or declarative - memories, which were disrupted in H.M.,
can be either semantic (referring to memories of facts or concepts ie. your date of birth) or
episodic (referring to memories of events ie. your birthday party), and are subserved
primarily by the medial temporal lobe, particularly by the hippocampus. Moreover, there are
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implicit types of memories, the memories of how to do things, which critically involve
motor learning, such as skiing, playing piano, or riding a bicycle. One type of implicit
memory is the memory formed as a consequence of simple associative learning; when the
associations are emotional, (i.e. between a neutral stimulus and a stimulus with a valance,
either aversive or rewarding), the learning relies primarily on the amygdala. When the
associations produce reflexive skeletal responses, as in the case of delay eyeblink
conditioning, the learning relies primarily on the cerebellum. A more gradual type of
implicit learning that results in the formation of motor skills and habits relies primarily on
the striatum.

Importantly, these memory systems are not separated in nature, acting alone and on one type
of memory, but rather, they coexist and often interact. For example, inhibitory avoidance
and contextual fear conditioning memories that are commonly used in rodent memory
studies (see Box A for description of behavioral tasks) involve multiple brain regions and
multiple types of memories. In fact, these tasks require, for example, both an emotional,
implicit component, mediated by the amygdala, and a contextual, explicit component
mediated by the hippocampus. Similarly, by shifting certain parameters such as cueing
specific arms or providing enriched contextual cues, the same radial arm maze with food
reward (see Box A for a detailed description of task) can be used to train animals to visit
specific arms by very different strategies, mediated by either amygdala, hippocampus, or
striatum19. Thus, depending on task demands, various structures may be engaged to process
what seems like identical information (ie. that a number of arms contain food) in different
ways, producing different kinds of memories.

For the purposes of developing memory enhancers, it is important to note that in cognitive
impairments associated with AD or aging-related cognitive decline, the most vulnerable
memories are those same memories that were lost in H.M. Implicit memories are very often
spared, or at the very least, impaired at the last stages of the disease. Thus, there is an urgent
need to identify therapies that target impairments of hippocampal-dependent memories.
However, as mentioned above, impairments associated with PD are often linked to working
memory and executive control, and thus discovering mechanisms of enhancement for those
disorders are equally important.

Importantly, it is critical to keep in mind that there might be several drawbacks with the use
of cognitive enhancers; for example the effect could be non-selective enhancement, as a
drug that enhances synaptic plasticity may result in the enhancement of both adaptive and
maladaptive memories. Another drawback could be that memories are enhanced but become
rigid and inflexible, or cognitive stimulants may lead to hyperactivation and seizure. Thus,
while enhancement of in vitro synaptic plasticity and excitability is a useful tool for
establishing physiological effects of various substances, it is always necessary to
comprehensively investigate all possible effects using in vivo treatments and behavioral as
well as physiological measures, as they provide the most compelling evidence of which
approaches will be most effective in clinical populations.

Mechanisms of Memory Enhancement
1. Gene Expression: The CREB-C/EBP Pathway

One of the first mechanisms identified as critical for long-term memory consolidation (both
explicit and implicit) is the requirement for de novo protein and RNA synthesis20. Similar
requirements have been found for long-term plasticity, including long-term facilitation in
Aplysia californica and a phase of LTP that lasts more than one hour, known as late-LTP (L-
LTP)1, though not all late forms of LTP appear to share this requirement21. Many years of
discussions have debated the functional effects of protein synthesis inhibitors used in many
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experiments, and we refer to this literature for questions, outcomes and debates22, 23.
Regardless, the findings that in addition to pharmacological approaches molecular and
genetic methods have provided evidence that transcription and translation are essential for
memory, led to the subsequent discovery of important, evolutionarily conserved pathways
required for long-term memory formation: that regulated by the transcription factors CREB
and C/EBP (Figure 2). CREB is activated by numerous signal transduction pathways
implicated in memory consolidation and enhancement, from growth factor stimulation of
tyrosine kinase receptors coupled to the activation of Ras and extracellular signal-regulated
kinase (ERK); to G-Protein Coupled Receptor (GPCR) activation coupled to activation of
adenylyl cyclase, increase in cAMP, and activation of protein kinase A (PKA); to the
activation of stress pathways and glutamate release leading to release of intracellular
calcium and relative downstream events. All of these pathways can lead to the activation of
an activator form of CREB, CREB1. This activation in turn can lead to the transcriptional
regulation of a number of target genes, including immediate early genes (IEG). Some IEGs
are transcription factors, which regulate the expression of effector genes that are thought to
participate in downstream synaptic changes underlying synaptic plasticity. This is, for
example, the case with the IEG/transcription factor C/EBPβ, a CREB-regulated target gene
required for memory consolidation1.

Disrupting CREB1 results in memory deficits, while augmenting CREB1 activation results
in memory enhancement. The first demonstrations that CREB plays an essential role in both
the disruption and enhancement of memory consolidation came from studies in
invertebrates, namely Aplysia californica and Drosophila melanogaster. In Aplysia, Bartsch
et al.24 reported that the disruption of ApCREB1, the Aplysia homolog of mouse CREB1
leads to an impairment in long-term facilitation (a cellular model of long-term memory in
Aplysia), and that the interference of a repressor form of CREB, ApCREB2, induces a long-
term facilitation response from training protocols that would normally only produce short-
term facilitation. In parallel studies, Yin et al.25 using transgenic Drosophilae with a heat
shock–inducible CREB repressor isoform (hs-dCREB2-b) showed that flies with the
transgene on have impaired memory. Further studies in mice and rats extended these
conclusions by showing that while the knockout or knockdown of CREB1 results in long-
term memory impairment, viral overexpression of CREB1 in amygdala and hippocampus
enable LTM formation from massed training protocols of either cued-fear conditioning or
place learning, which normally produce only STM26, 27. In Aplysia, knockdown of C/EBP
impairs long-term memory, while overexpression of C/EBP leads to memory enhancement,
similar to that produced by overexpression of CREB1, as short-term facilitation is converted
to long-term facilitation28, 29 Manipulations of C/EBP also lead to memory disruption or
enhancement in rats28 or mice, as hippocampal knockdown impairs memory, while
forebrain expression of a general dominant-negative inhibitor of the C/EBP/ATF family (E-
GFP/AZIP), which presumably relieves their inhibition, results in enhanced spatial
memory30.

From the seminal studies that directly acted on CREB1 levels, many other findings followed
and have identified memory-enhancing effects that correlate with increases in the activation
of the CREB pathway. A natural direction of these studies has been to target activators that
are upstream of CREB, such as cAMP, PKA or mitogen-activated protein kinase (MAPK)31,
though it is interesting to note that in certain cases in which neuronal excitability is altered, a
decrease in cAMP signalling may actually be preferable32. others have theorized that lifting
the inhibition of CREB activation might be an effective route for memory enhancement. For
example, in mice, releasing the inhibition provided by calcineurin, a Ca2+/calmodulin-
dependent phosphatase which regulates pCREB levels, also leads to memory enhancement,
via CREB-dependant mechanisms, of both short-term and long-term hippocampal-
dependent memories, without changing working memory33. In Aplysia, inhibition of
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calcineurin facilitates intermediate-term and LTM, but not STM34. These studies have been
extremely important in gaining an understanding of how memories can be enhanced in an
experimental setting by manipulation of CREB levels and/or activity, and imply that the
activation of the CREB-dependent pathway might be an effective target for promoting and
enhancing hippocampal-dependant LTMs.

There have been a number of attempts to screen for drugs that via CREB activation could
potentially be used as cognitive enhancers in humans. These screenings led to the
identification of a number of candidate drugs, including rolipram, which inhibits
phosphodiesterate type 4 (PDE4), an enzyme that catalyzes hydrolysis of cAMP31, 35.
Additionally, CREB-C/EBP target genes may be valuable candidates for memory
enhancement. One C/EBPβ-target gene upregulated after learning in the hippocampus and
required for memory consolidation is the insulin-like growth factor 2 (IGF-II or IGF-2).
Administration of recombinant IGF-II immediately after learning or memory retrieval
significantly enhances memory and prevents forgetting36. The effect and action of IGF-2 as
memory enhancer will be further discussed below. In general, it is important to recognize
that, because CREB has important functions throughout the body and diverse effects
throughout the brain, an effective treatment based on manipulating CREB or its target genes
may require the development of strategies that enhance selectivity and specificity37.

2. Synaptic Remodeling
Long-term memory formation is critically associated with synaptic remodeling, including
the growth or pruning of synapses, as well as altered synaptic efficacy38. These changes
occur through a number of local regulations, including mRNA translation, protein
degradation, remodeling of cytoskeleton, and receptor trafficking into and out of the
synapse.

One of the first transgenic manipulations that produced memory enhancement targeted
receptor trafficking. In that study, Tang et al.39 overexpressed in the hippocampus of mice
an N-Methyl-D-aspartic acid (NMDA) subunit, NR2B, that had previously been shown to be
required for synaptic plasticity and LTM, and found that a number of memories - namely,
novel-object recognition, cued and contextual fear conditioning, fear extinction, and Morris-
water maze - were all significantly and persistently enhanced. Similarly, later studies
showed that if the NR2B subunit was overexpressed in prefrontal cortex, working memory
tasks such as the T-maze and a modified water maze were also enhanced40. Although it is
difficult to parse with a genetic manipulation what stage of the memory is being affected,
pharmacological studies indicated that manipulations of NMDA receptors (NMDARs) can
enhance both working memory and LTM-consolidation41 suggesting that synaptic glutamate
receptor expression and trafficking play a significant role in enhancing memory formation
and maintenance. Enhancement via NMDARs can be obtained both with agonists and low
doses of antagonists42, suggesting that a tight regulation of NMDARs is required in order to
facilitate memory processes. The mechanisms by which an enhanced NR2B receptor
concentration at the synapses leads to memory enhancement is not yet understood. Some
insights come from LTP and LTD studies, due to the fact that many similarities exist
between the requirements for LTP induction and maintenance and LTM acquisition and
consolidation43. One theory to explain the memory enhancement effects after increasing
NR2B is that they may occur in part by the facilitation of LTP in these regions, whereas
overexpression of an alternate subunit, NR2A, facilitates LTD44, perhaps because NR2B
containing NMDARs are more calcium permeable than NR2A-containing NMDARs. In
agreement with this model, partial agonists of NR2B improve memory and enhance LTP in
aged rats that have LTP, but not LTD, deficits45.
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The ability for NR2B overexpression to result in memory enhancement may occur through
the subsequent increased ability of NMDA receptors to be activated due to their increased
number. Indeed, partial agonists of NMDARs such as D-cycloserine and D-serine have
memory-enhancing effects. D-Cycloserine facilitates long-term fear memory consolidation
in humans46 and facilitates fear extinction in a rodent model of PTSD, perhaps through
normalization of elevated levels of NMDAR subunit mRNA47.

Another critical receptor type that has been implicated in memory enhancement is the 2-
amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid (AMPA) receptor. Though, like
NMDARs, AMPARs respond to glutamate, they do not have a magnesium block and are
therefore activated with less depolarization of the cell. Indeed, AMPARs themselves are
required for NMDAR activation, as a synapse without AMPARs (known as silent synapses)
will not be able to obtain sufficient depolarization to displace the magnesium block and
allow calcium influx48. In models of LTP, changes in AMPARS (either through increases in
the number of receptors, or changes in receptor effectiveness through phosphorylation) are
thought to mediate the long-lasting changes that support LTP maintenance or persistence.
For example, inactivation of the atypical protein kinase C isoform M Zeta (PKMzeta) in the
amygdala and hippocampus leads to deficits in fear and object recognition memory in rats,
which appears to be due to a decrease in post-synaptic GluR2-containing AMPARs49.
Overexpression of PKMzeta in insular cortex leads to enhancement of conditioned taste
aversion memory in rats, and the underlying mechanisms are under investigation50.
Similarly, long-term memory correlates with an increase in synaptic AMPA receptors,
which are known in vitro to be trafficked via the endosomal system51. Synthetic compounds,
known as Ampakines, which allow glutamate to have a prolonged effect on AMPARs, have
been found to strengthen memory retention on a number of tasks and in a number of
different species52. These compounds have the advantage of passing the blood-brain barrier
and of being selective for the central nervous system (CNS).

A number of compounds known to enhance memory are also known to increase NMDAR/
AMPAR levels53–55. However, there is still little known about which subunits are increased
at different stages of memory. One mechanism of action could be that NMDARs activate
CREB and set in motion the gene expression changes discussed above. These changes
would then lead to morphological modifications at the synapse, including growth of new
spines and increased AMPAR insertion (Figure 3). It is possible that these synaptic changes
may represent the endpoint of many memory enhancers. Hence targeting receptor expression
may be a general approach to achieve memory enhancement.

One regulatory protein that seems to be linked to receptor trafficking regulation and is
induced by learning and required for memory consolidation is the immediate early gene Arc.
A number of studies have linked in particular Arc to NMDA/AMPA receptor trafficking48

and memory enhancement36, 56. In vitro studies have shown a role for Arc in removal of
Glur1 from synapses, and recent works shows that Arc may in fact be tagged to inactive
synapses to depress them during memory formation57. Synaptic remodeling leading to
memory enhancement does not only refer to changes in synaptic receptors. More global,
morphological changes of the synaptic architecture have also been shown to correlate with
memory enhancement. Rho-GTP-ases, which lead to remodeling of the actin cytoskeleton,
enhance memory when rendered constitutively active by Cytotoxic necrotizing factor 1
(CNF1), a protein toxin from Escherichia coli58. Similarly, cell adhesion molecules such as
neural cell adhesion molecule (NCAM), which are involved in the remodeling of neural
circuits, have been successfully targeted for memory enhancement in rodents, via a mimetic
peptide that interacts with the fibroblast growth factor receptor (FGFR)59. There are also
suggestions that changes in spine shape and size may correlate with memory formation, as
LTP is associated with increases in stable, mushroom-shaped spines60, but direct causative
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knowledge about how changes in spine morphology relate to memory in general, and
specifically to memory enhancement, are still lacking.

3. Neuromodulation
Neuromodulators, which alter cellular and synaptic properties via widespread projections61

have a well-known role in memory function and many modulation pathways have been
targeted for memory enhancement62.

One neuromodulator with a well-known effect on cognition is dopamine. Dopamine action
is particularly evident in patients who suffer from PD, which involves a loss of
dopaminergic neurons and consequently severe motor deficits. The loss of dopamine is also
accompanied by a noticeable cognitive impairment in many patients, who are diagnosed
with dementia as the disease progresses63. However, even in PD patients without dementia,
many cognitive domains appear to be impaired during neuropsychological examination. In
contrast with many other diseases of cognitive impairment, PD is specifically accompanied
by deficits in tasks associated with prefrontal cortex, including executive function and
planning, rather than with memory consolidation impairments14. Dopamine is thus widely
thought to be extremely important for working memory tasks relying on the prefrontal
cortex (PFC), and low levels of dopamine receptor D1 (DRD1 or D1) antagonists enhance
working memory as revealed by an increase in neuronal activity during a delay period of a
delayed-non-match-to-sample task, whereas high levels of antagonists and agonists both
impair that activity64. Hence, there is an inverted-U curve effect of dopamine on working
memory. However, the effects of dopamine on working memory may be restricted to
improvement of conditions compromised in dopamine function, as the same treatments in
young animals do not show memory enhancement that is seen in aged animals65. The effects
of dopamine alterations on LTM have been given less attention. An early study showed that
dopamine itself given i.c.v. to mice after training enhanced step-through IA at 24h66, and
recently, the D1 agonist SKF38393 given i.p. post-training was shown to enhance 24h and
72h memory of novel object recognition in rats67. Many of the behavioral results are
complemented by electrophysiological data showing that AMPA and NMDA currents are
enhanced by the injection of a D1/D5 agonist in the hippocampus68.

It has long been known that emotional events are better remembered than non-emotional
events. Therefore, other neuromodulators that are particularly important for memory are the
stress hormones corticosteroids and adrenaline, which are released during arousing
experiences. Corticosteroids can activate two receptors – glucocorticoid (GR) and
mineralocorticoid (MR). While MRs have a very high affinity for corticoids and are
therefore tonically activated, GRs have a much lower affinity and are therefore preferentially
activated in conditions of high stress. Manipulations of both receptors have effects of
memory, but the behavioural effects of GR have been better characterized55. Thus, when
cortisol (in humans) or corticosterone (in rodents) is released in concert with a stressful
experience, memory is better recalled at later times69. The enhancing effect of cortisol
administration can be obtained via behavioral methods of inducing stress as well, a this is
thought to be a key mechanism regulating intrusive memories that occur with post-traumatic
stress disorder (PTSD)70. However, it is also known that very intense or prolonged stress
may cause memory impairments, as may be the case with intense physical exertion such as
occurs with marathon runners71. Experimentally, this effect is known as the inverted-U
effect of stress on performance, and is seen in animal models as well. Moderate to high
stress produce a robust memory in rodents, whereas extremely high stress results in low
memory retention. Many studies conclude, however, that glucocorticoids can only enhance
memories that inherently involve emotional arousal. Animals tested in a novel context for
object recognition show memory enhancement via corticosterone administration, whereas
animals that underwent habituation to the context prior to training did not show
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enhancement with corticosterone72. Likewise, administration of noradrenaline after training
enhances memory retention73 which likely occurs through the activation of beta-adrenergic
receptors, subsequent activation of adenylyl cyclase, PKA and Ca2+/calmodulin-dependent
protein kinases II (CAMKII). Thus, specific agonists of β-adrenergic receptors enhance
memory, similarly to what occurs via increased arousal during encoding. Noradrenaline is
produced primarily in the locus coeruleus and adrenal medulla and many enhancing effects
of other modulators, such as glucocorticoids, are critically regulated by the activity of
noradrenaline in the amygdala, as suggested by classical studies of Roozendaal et al.
showing that a β-adrenergic receptor antagonist infused into the amygdala blocks memory
enhancement produced by glucocorticoids infused into the hippocampus74.

In line with all these findings, a number of stimulant drugs that work on inhibiting
monoamine reuptake, including amphetamines, methylpehidate (Ritalin®) and modafinil
(Provigil®), have been found to improve cognitive function in patients with attention-deficit-
hyperactive-disorder (ADHD), and there have been reports of improved function in healthy
subjects as well. Recently, methylphenidate was tested on human subjects who learned a list
of words; immediate recall did not differ, but delayed recall, 1 day to 1 week later, showed
improvement at two doses75.

Though prior studies did not find the same effect, the authors note that this may be due to
shorter word lists that were used which may have produced a ceiling effect. Regardless,
methylphenidate is well known to have pronounced effects on spatial working memory and
sustained attention76. The same is generally thought to be true of modafinil, which is
traditionally prescribed for narcolepsy. Some studies indicate that positive effect on
cognition may be due to increased arousal and attention rather than enhancement of LTM or
consolidation processes10. Thus, modafinil may be effective in treating specific aspects of
cognitive dysfunctions that target attention rather than memory.

Acetylcholine is perhaps one of the most well-studied neuromodulators in the context of
hippocampal-dependant memory, and the acetylcholine theory of memory enhancement has
been studied for many years. Acetylcholine is required for memory formation, as observed
by lesion studies as well as pharmacological inhibition of acetycholine nicotinic and
muscarinic receptors. Focusing on memory enhancement, a number of agonists of these
receptors have been targeted with varying results77. Moreover, observations in laboratory
mice that inhibiting acetylcholine uptake could enhance memory led to drugs designed to
inhibit the enzyme responsible for degrading acetylcholine, acetycholinesterase. These
drugs, namely donepezil (Aricept®) are now the only available treatment for mild- to
moderate- AD. Meta-analyses of the clinical trials studies indicate that although there are
benefits of these drugs, the magnitude of their benefit is limited because they offer symptom
relief without modifying the disease78. Moreover, the beneficial effects are possibly
restricted to attention processes rather than enhancing consolidation mechanisms, and may
in fact impair memory consolidation by maintaining consistently high levels of cholinergic
activity77, 79.

4. Endogenous Substances
The effects on memory enhancement discussed above are mainly the results of
pharmacological manipulations with synthetic compounds, especially for those used in
clinical studies, as is the case with Ampakines, D-Cylcoserine, and Donepezil. However, a
number of endogenous substances, primarily those that are key players in metabolic
processes (ie. glucose and insulin), have been known to have a direct memory enhancing
effect for quite some time.
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Early studies showing that recently fed subjects performed better than those who had not
eaten for some time piqued a long-lasting interest in whether glucose administration can
enhance memory functions80. Subsequently, a wealth of studies examined glucose-mediated
memory enhancement, in both animal models as well as humans due to the relative ease and
safety of glucose administration.

Though there have been contrasting findings81, 82, the majority report that in healthy, young
adult rodents and humans memory is enhanced by glucose given pre- or post- training,
indicating that glucose may be able to facilitate both encoding and memory consolidation,
thought in healthy individuals this may be true only when task demands are high83.
Importantly, in humans, the vast majority of studies use participants that have fasted for at
least 2 hours to overnight before training, indicating that many of the effects seen might
actually be indicating that glucose deprivation is deleterious, rather than enhancement by
glucose itself. The enhancing effects of glucose was mainly found on declarative,
hippocampal-dependant memories tested at relatively early time points (up to 24h) after
training84. The effects of glucose administration on cognitively-impaired individuals vary,
revealing that individuals with very mild problems may have a longer-lasting enhancement
by glucose, but those who have already a progressed disease do not show a sustained
memory enhancement83.

The mechanisms by which glucose enhances memories are not yet entirely understood. A
number of studies indicate that the effect may be due to insulin, whose receptors are highly
enriched in the hippocampus. In itself, insulin has been shown to enhance hippocampal-
dependent memories in both rats and humans. However, in rats, insulin-mediated memory
enhancement has not been tested past 24h85 and may not persist up to 1 week after
inhibitory avoidance training (Stern and Alberini, unpublished data). Recent studies suggest
that insulin may provide memory enhancement also in humans86 and several indicate that
the enhancing effects of glucose may be due entirely to glucose-stimulated increases in
insulin levels87. In AD patients, hyperinsulinemia improves performance independent of
glucose levels, but hyperglycemia, while maintaining insulin levels at baseline, does not
provide the same benefit. Intranasal insulin administration has begun to be tested in patients
with mild cognitive impairment and mild-to-moderate AD. In a double-blind study of
patients given insulin over 4 months, improvement was seen in a number of measures tested
at months 2 and 4 of treatment, as well as two months after treatment was discontinued. The
most significant improvement was seen on delayed score recall test (measured with a delay
of 20 minutes), but improvements were also seen in a general tests of cognitive ability and
partnership scores, a measure of assessment for caretakers of AD patients88. These results
are very promising, and it would be important if follow-up studies examine memory over
longer delays.

In rats, in contrast to glucose and insulin which showed transient effects, a single
administration of IGF-II was recently found in our lab to enhance hippocampal-dependant
memory for at least three weeks when administered post-training36. Furthermore, IGF-II
injected into rat hippocampus was found to enhance extinction in mice28, 89. IGF-II is part of
the insulin-like growth factor system, which also includes insulin and insulin-like growth
factor I (IGF1 or IGF-I). Interestingly, IGF-I does not seem to have any memory
enhancement effect on the tested memories. The memory enhancing effect of IGF-II
requires the IGF-II, but not IGF-I, receptor. This is interesting because unlike IGF-I and
insulin receptors, IGF-IIR, which is identical to the cation-independent mannose-6-
phosphate receptor, is not a tyrosine-kinase receptor, but a receptor that targets proteins to
endosomes and lysosomal degradation processes90. Very little is known about what
downstream mechanisms cause this persistent memory enhancement, but due to the receptor
requirement and the different temporal dynamics, it seems likely to hypothesize that it uses
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mechanisms distinct from those of insulin or glucose. Interestingly, IGF-II-mediated
memory enhancement correlates with increases in synaptic GluA1 receptor at 30 minutes
after training, indicating that endogenous targeting of AMPARs may be very effective in
promoting memory enhancement. IGF-II may also have an effect on the cholinergic system.
In hippocampal neurons, IGF-II potentiates acetylcholine release91; therefore, it is possible
that an endogenous effect of IGF-II is to potentiate acetylcholine release and action, in
addition to regulating other mechanisms. Though very little is known about the role of IGF-
II in cognitive functions, the ability for IGF-II to pass the blood-brain-barrier92 makes it a
particularly exciting compound for both preclinical and clinical studies.

Other growth factors, for example brain-derived neurotrophic factor (BDNF), also regulate
memory retention. A number of studies have shown increased BDNF mRNA or protein
levels following memory enhancement treatments53, 93, 94. However, there seem to be no
current evidence that BDNF itself can enhance memory in a non-diseased animal when
given close to the time of training, as is the case with IGF-II. However, BDNF appears to
increase memory persistence. For example, BDNF injected into the dorsal rat hippocampus
12 hours after an IA training with a low footshock, which produces a memory that would
normally be forgotten by 7 days, leads to memory persistence95. In disease models, BDNF
may reverse memory deficits, making it an attractive candidate for selective enhancement of
failing memories.

5. Behavioral Methods
In addition to pharmacological approaches, there are a number of behavioral manipulations
that have been found to be effective in promoting memory enhancement. First, repetition has
long been known to enhance memory performance, and it has been consistently shown that
repeated training trials and/or learning events are associated with better memory96. This
method is one that is employed during everyday learning, and is also known to have benefits
for cognitive disorders such as dementia.

Similarly, memory can be enhanced by targeting retrieval-induced reconsolidation, which
occurs through repeated retrieval sessions. When a memory is retrieved, it can again return
to a labile state and can undergo reconsolidation97. It has been suggested that a function of
reconsolidation is to increase memory strength98. Recently in our laboratory it was found
that, in IA, multiple memory reactivation by brief (10 sec) exposures to the context results in
memory enhancement in rats through reconsolidation, whereas multiple retrievals consisting
of a full testing session can result in fear extinction99. Notably memory changes over time,
and in order to attain a memory enhancing effect, retrievals must occur within a relatively
short time-span after training. Indeed the same multiple 10 second retrievals which had lead
to enhancement if given during the first week after training, result in fear-extinction when
given 4 weeks post-training, indicating that memory strengthening is a function of the age/
stage of the memory and that likewise, memory storage is dynamic and changes over time.
However, there is currently little knowledge about the mechanisms by which these changes
occur, or whether the behavioral effect based on reconsolidation would be useful in aging
and/or AD.

Interestingly, the reconsolidation process does not promote memory enhancement by
behavioral repetitions only. Memory enhancement can be in fact promoted via
pharmacological manipulations given in concert with reconsolidation. Thus, injections of
nicotine, β-adrenergic receptor agonists, PKA activators, phosphodiesterase type 5
inhibitors, angiotensin and IGF-II all enhance memory when injected after
retrieval28, 100, 101. This suggests that memories can be enhanced even after they are
consolidated, and indicates potential new directions for developing treatments for cognitive
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disorders that targets in addition to deficits of encoding/consolidation also deficits of already
formed memories.

Another behavioral approach that has been recently found to be effective in enhancing
memories is physical exercise. Numerous studies over the past two decades in rodents have
shown conclusively that exercise can improve memory in a number of tasks, including the
spatial task water maze, the fear task IA and the non-aversive task novel object recognition.
This effect may be more pronounced in aged rats, and has numerous possible underlying
mechanisms, including increase of the neurotrophin brain derived neurotrophin factor
(BDNF), neurogenesis, IGF-I, glucocorticoids, and CAMKII activation94, suggesting once
again that mechanisms involved in memory consolidation may be the best targets to achieve
memory enhancement or prevent memory decay. Though it is generally accepted that
exercise is beneficial in regards to general health, extended lifespan and aging, the extent
and type of exercise needed in humans to attain a benefit specifically for memory
enhancement is not yet mechanistically well understood, and excessive forms of exercise
may actually be deleterious for declarative, hippocampal-dependent memories by causing
extreme stress, as noted above71. Behavioral methods for enhancing memory are an exciting
avenue of research, and may be extremely useful in clinical practice with more basic
knowledge of how best to implement their practice, as well as whether they can be even
further augmented through pharmacological means, as with reconsolidation-mediated
enhancement.

Sidebar title Behavioral Tasks in Rodents
Pavlovian Fear Conditioning pairs an unconditioned stimulus (US), which elicits an
automatic response (ie. a mild footshock elicits fear behaviors), with a conditioned stimulus
(CS), which has no inherent valance but subsequently elicits the same behavior as the US
(ie. a tone). Common versions of this task are auditory fear conditioning (AFC) and
contextual fear conditioning (CFC), which pairs a tone and context, respectively, with a
footshock. Memory is measured as the % time spent freezing during the test.

Inhibitory Avoidance (IA) trains the animal to avoid the dark side of a two-chamber
apparatus in which it was previously given a footshock. During testing, memory is measured
as the latency to enter the dark compartment.

Extinction extends fear-based tasks in which the animal learns through subsequent
presentations of the CS without the US that the previously fearful CS is now safe.

Morris Water Maze trains animals to find an escape platform in a circular water maze.
Memory during probe trials can be measured as the percentage of time spent in the correct
quadrant or latency to find the platform.

Novel Object Recognition (nOR) exploits rodent’s natural tendency to explore novel
objects. Animals are trained with two identical objects, and during testing, memory is
measured as the % time spent with the novel object. This task can also be modified to ask if
animals remember “where” versus “what” by moving one of the objects rather than
replacing it with a new object (known as Object Placement).

Radial Arm Maze trains animals to go to specific arms of an 8-arm maze to obtain a food
reward. Arms may be cued or contextual cues in the room may guide animals to use the
correct strategy to obtain the reward.

Stern and Alberini Page 12

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Conclusion
There are a number of promising avenues in the field of memory enhancement, some of
which have been discussed in this Review. There is now a significant amount of information
regarding molecular pathways that are likely to be among the most important targets for
enhancing memories; however, much remains to be understood to translate this knowledge
into clinical trials. For example, most studies in animal models examine effects in males, but
a number of studies have shown that there may indeed be sex differences102, 103. This is an
important outstanding question that needs to be addressed further.

The strategies that have promoted memory enhancement in animal models thus far have
primarily relied on mechanisms of memory consolidation, such as the CREB-C/EBP
pathway and receptor trafficking, which have been mainly studies in aversive or spatial
memory tasks. These are mechanisms that are thought to be important for enhancing
hippocampal-dependent memories and contrasting cognitive decline in aging and AD. Other
studies have focused on the effects of treatments to enhance working memories, such as
targeting dopamine neuromodulation that will be useful for diseases such as PD.
Importantly, cognitive enhancement therapies may be useful in some situations, but not
others. Some may be beneficial in enhancing memory in healthy adults and during normal
aging. Others may compensate for disease-related changes, or may instead restore those
changes to their original, healthy state. Thus, all potential enhancers must be tested for their
mechanisms of action.

One important aspect that remains to be deeply investigated is the question of specificity and
flexibility – not all possible memories require or benefit from enhancement, and it is unclear
if/when memory enhancement interferes with new learning and the consolidation of new
memories. To date, very little attention in animal studies has been given to enhancement of
memory retrieval and to enhancement of remote memories, both of which may be important
areas of study with very important translational potential.

The study of memory enhancement holds the potential for great progress in the treatment of
numerous diseases of the mind, and for developing strategies for more efficient learning and
cognitive functions.
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Box A. Behavioral Tasks in Rodents

Pavlovian Fear Conditioning – An task pairing an unconditioned stimulus (US), which
elicits an automatic response (ie. a mild footshock that elicits fear behaviors), with a
conditioned stimulus (CS), which has no inherent valance but subsequently elicits the
same behavior as the US (such as a tone). Two common versions of this task are auditory
fear conditioning (AFC) and contextual fear conditioning (CFC), which pairs a tone and
context, respectively, with a footshock. Memory is measured as the % time spent freezing
during the test.

Inhibitory Avoidance (IA) – A one-trial task in which the animal learns to avoid the dark
side two-chamber apparatus in which it was previously given a footshock,. During
testing, memory is measured as the mean latency to enter the dark compartment.

Extinction – An extension of fear based tasks in which the animal learns through
subsequent presentations of the CS without the US that the previously fearful CS is now
safe.

Morris Water Maze – A task of hippocampal-dependant memory in which animals are
trained to find an escape platform in a circular water maze. Memory during probe trials
can be measured as the percentage of time spent in the correct quadrant..

Novel Object Recognition (nOR) - A non-aversive task which exploits rodent’s natural
tendency to explore novel objects. Animals are trained with two identical objects, and
during testing, memory is measured as the % time spent with the novel object. This task
can also be modified to ask if animals remember “where” versus “what” by moving one
of the objects rather than replacing it with a new object (known as Object Placement).
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Figure 1. Multiple memory systems as targets of memory enhancement
Modified from Squire LR (1992)17

Memory consists of multiple stages and types. A number of different stages (in blue) are
involved in acquiring, storing and retrieving a memory. A number of cognitive disorders (in
red) have symptoms that are associated with deficits in specific stages, while others may
have deficits that are more general or unclear in nature (such as those in cognitive decline
over aging). Long-term memory can be subdivided into a number of different types which
rely on different brain regions (in purple). Impairments of these different memories are also
associated with different disorders. Putative memory enhancers may be associated with the
the improvement of a specific stage or memory type, which will therefore affect the clinical
population that will receive therapeutic benefit. WM: working memory; STM: short-term
memory; LTM: long-term memory. Copyright © [1992] by the American Psychological
Association. Adapted with permission. Squire, L. R. (1992). Memory and the hippocampus:
A synthesis from findings with rats, monkeys, and humans. Psychological Review, 99(2),
195–231. doi:10.1037/0033-295X.99.2.195 The use of APA information does not imply
endorsement by APA.
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Figure 2. Schematic representation of the CREB-C/EBP pathway targeted for memory
enhancement
Taken from: Alberini CM Chen DY (2012)28

A number of intracellular signal transduction pathways are activated upon learning by
diverse stimuli, such as stress, neurotransmitters, growth factors and membrane
depolarization, and lead to activation of the CREB-C/EBP pathway. Growth factors bind to
and signal via dimerized receptor tyrosine kinase (RTK), which induces activation of both
the Ras/Raf/mitogen-activated protein kinase (MAPK)/MAP kinase kinase (MEK) pathway
and the phosphatidylinositol 3-kinase (PI3K)-dependent pathway. Activation of these
pathways recruit additional protein kinases, including p90 ribosomal S6 kinase (RSK2) and
mitogen- and stress-activated protein kinase (MSK) for the MAPK-dependent pathway and
Akt and p70S6 kinase(p70S6K) for the PI3K-dependent pathway to catalyze
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phosphorylation of CREB (pCREB) in its Ser-133 residue, which is an important step for its
activation. Another route of CREB phosphorylation is through neurotransmitters binding to
their receptors, through which they can couple cAMP by regulating adenylyl cyclase (AC)
activity. cAMP recruits protein kinase A (PKA) as the main kinase for CREB
phosphorylation. Phosphodiesterase (PDE) can catalyze the hydrolysis of cAMP and inhibit
its signaling. Additionally, increases in intracellular Ca2+ influx through voltage- or ligand-
gated cation channels, such as voltage-sensitive calcium channels (VSCCs) or NMDA
receptors (NMDARs), can also lead to CREB phosphorylation via different calcium-
dependent protein kinases. Once phosphorylated, CREB recruits its transcription coactivator
CREB-binding protein (CBP) to promote transcription of CREB-target genes, such as the
immediate early gene, C/EBP. C/EBP, in turn, regulates a number of late-response genes,
for example, IGF-II. Targeting any of these upstream pathways in a manner that leads to
increased CREB or C/EBP activation, or targeting CREB-C/EBP target genes (as in the case
of IGF-II), may in turn lead to long-term memory enhancement. Reprinted from Trends in
Neuroscience 35(5), Alberini CM, Chen DY. Memory Enhancement: consolidation,
reconsolidation and insulin-like growth factor 2., 274–283 Copyright (2012)
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Figure 3. Synaptic remodeling that occurs with learning
Taken from Rao VR and Finkbeiner S (2007)48

Presynaptic activity that occurs with learning or stimulation leads to a release of glutamate
onto NMDA and AMPA receptors, which depolarizes the membrane. This leads to a number
of intracellular changes, including activation of transcription factors, and translation of their
downstream targets (Left Panel). These in turn lead to growth initiation, including protein
synthesis (for example, of Arc), which then lead to the addition (Middle Panel) and
stabilization (Right Panel) of new spines through insertion of new NMDA and AMPA
receptors. Targeting synaptic remodeling mechanisms to increase receptor insertion may be
an effective route for memory enhancement.
Reprinted from Trends in Neuroscience 30(6), Rao VR, Finkbeiner S. NMDA and AMPA
receptors: old channels, new tricks., 284–291. Copyright (2007)
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Table 1

Summary of memory enhancement effects presented in the present review, including species and tasks tested.

Name Species Tasks Relevant
References

CREB-C/EBP Pathway

CREB Aplysia Synaptic facilitation 24

Drosophila Conditioned odor avoidance 25

  Downstream Rodent Fear potentiated startle, water maze 26,27

    C/EBP

Aplysia Synaptic Facilitation 29

Rodent MWM 30

    IGF-II Rodent IA, CFC, Extinction 36,89

  Upstream

    MAPK 31

    PKA 31

    cAMP 31

    Calcineurin Aplysia Tail-shock sensitization 34

Rodent nOR, MWM, radial arm maze 33

    PDE4 Rodent CFC 35

Synaptic Remodeling

NMDA

Rodent nOR, AFC, CFC, Extinction, MWM 39,47

working memory 40

    D-Cycloserine Human FC (cued fear conditioning) 46

AMPA

    Ampakines Rodent AFC 52

NHP Delayed-non-match-to-Sample 52

Human Delayed Recall 52

    PKMzeta Rodent Conditioned Taste Aversion 50

Arc Rodent IA 36,56

CNF1 Rodent MWM, AFC 58

NCAM Rodent MWM, AFC 59

Neuromodulation

Dopamine Rodent IA, nOR, Sptial working memory 66,67

NHP Delayed-non-match-to-sample 64

Glucocorticoids

    Corticosteroid Rodents IA, nOR 69,72

Humans Cued-fear conditioning 69

Noradrenaline Rodents AFC, IA 73

Amphetamines
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Name Species Tasks Relevant
References

    Methylphenidate Humans Delayed Recall, Spatial working memory, Sustained Attention 10,75,76

Acetylcholine Rodent MWM, Radial Arm Maze 77

    Donepezil Human cognitive scales and examinations 78

Endogenous

Glucose Rodent IA 84

Human Verbal Episodic Memory 83

Insulin Rodent Radial Arm Maze 85

Human Delayed score recall 86,87

Behavioral

Reconsolidation Rodent IA, AFC, CFC 28,98,99,100

Exercise Rodent MWM, IA, nOR 94

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2014 January 01.


