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Many mental disorders and neurodegenerative and neurodevelopmental diseases involve cognitive deficits. Remarkable advances and
new technologies are providing a clearer picture of the molecular basis of cognition. In conjunction with an SFN2010 symposium, we
provided here a brief overview of the molecular mechanisms of cognition, with emphasis on the development of treatments for cognitive
disorders. Activity-dependent changes in gene expression and protein synthesis integrate with synapse selection to form memory
circuits. A neuronal activity-dependent molecular tagging system that uses the gene expression program to record memory circuit
formation represents one new tool to study cognition. Regulation of protein translation, protein degradation, cytoskeletal dynamics,
extracellular matrix interactions, second messenger signaling, and neurotransmitter receptor trafficking and function are all components of synaptic remodeling essential for cognition. Selective targeting of specific effectors in these processes, such as NMDA receptors,
may serve as an effective strategy to treat cognitive deficits.

Deficits in intellectual function are comorbid with many mental
illnesses and neurological disorders. Mental retardation, autism,
attention deficit disorder, schizophrenia, and depression all have
cognitive components, as do Alzheimer’s, Parkinson’s, Huntington’s, and other neurodegenerative diseases. Furthermore, cognitive decline and memory impairment accompanies age-related
changes in the brain and can indicate the onset of dementia
(Bishop et al., 2010). Cognitive enhancement is viewed as a strategy to treat these diseases or to slow the effects of aging on brain
function.
Cognitive enhancement by pharmacological agents is not a
new practice. Self-administered psychostimulants such as caffeine and nicotine can improve cognitive performance. Methylphenidate and other medications have proven effective in
treating attention disorders. However, not all learning and memory problems may be addressed by stimulants. More effective and
precise therapeutic strategies are needed. There are a myriad of
possible causes for cognitive disorders. The list of genetic mutations associated with cognitive impairment grows rapidly, and
the more controversial genetic basis of cognitive ability has found
purchase (Deary et al., 2010). Regardless of the many causes, an
efficient strategy to treat the different forms of cognitive deficiency would be to target overarching mechanisms that have clear
positive effects on cognitive function (Lee and Silva, 2009).
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Therefore, it may prove useful to consider the interrelated processes and factors that contribute to cognition (Fig. 1)
Genes
As with most noninfectious diseases, understanding of the etiology of cognitive deficits may begin with genes. Clearly, genetic
make-up influences cognitive ability, but a number of interrelated factors, including environment and psychological state, affect comprehension and the ability to commit experiences to
memory. In addition, the overall state of health or physiological
conditions can affect the processes that mediate learning. Hormones in the brain and periphery affect learning, and the endocrine, neuroendocrine, and humoral systems “talk” to the brain.
Stress contributes to numerous mental disorders and impairs
cognition. Exercise may promote cognition (Lautenschlager et
al., 2008) and both stress and exercise may affect the resiliency of
the nervous system by affecting neuronal replacement via neurogenesis (van Praag, 2008).
Epigenetics
Beyond genes and external factors outside the inherent processes
of the brain, what are the key aspects to consider when contemplating cognitive enhancement strategies? Over one hundred
years of study have contributed to a refined and rapidly growing
understanding of the neurobiological basis of learning and memory. Cognition may be viewed as the product of several interrelated general processes that feed both forward and backward onto
downstream and upstream effectors, respectively (Fig. 1). An individual’s genetic compliment is subserved by a mitotically
heritable level of global gene expression known as epigenetics
(Delcuve et al., 2009). Key mediators of epigenetic control include DNA methylation and histone posttranslational modifications. Epigenetics has emerged as an important aspect of learning
and mental illnesses (Nestler, 2009). Prenatal and postnatal neurodevelopment relies on epigenetics to establish the neuronal
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architecture and synaptic matrix, and
to initiate the selective pruning and
strengthening of synapses that underlie
learning. Lost memories may be reaccessed by increasing gene expression by
targeting histone acetylation (Guan et al.,
2009). HDAC inhibitors are viewed as
promising treatments for cognitive deficits (Kilgore et al., 2010), although more
specific mechanistic aspects of epigenetic
regulation are needed.
Gene expression and signaling
Epigenetic programming is subserved by
the overall process of gene expression.
Synaptic stimulation triggers signaling
cascades that feed back to RNA polymerase activity and its ability to increase or
Figure 1. Schematic of the external factors (yellow) and interrelated components that mediate cognition.
decrease the generation of mRNA transcripts of specific genes. Thus, in response
268 (or early growth response protein 1), which marks neuronal
to experience-induced activation of neural circuitry, profiles of
activation and contributes to learning and plasticity. The invocagene expression are altered. Cognition involves synaptic activitytion of transient Zif 268 expression in response to synaptic activdependent initiation of transcription of immediate early genes
ity is dependent upon activation of the NMDA class of excitatory
(IEGs) that direct de novo protein synthesis that is essential for
ionotropic glutamate receptors (see below). Activity-regulated
long-term memory formation. Transcription factors are key to
cytoskeleton-associated protein (ARC) represents another imthis aspect of cognition (Alberini, 2009). The cAMP response
portant IEG that appears to play a number of roles in synaptic
element binding protein (CREB) is the prototypical example of
remodeling and is required for memory consolidation (Miyashita
these regulatory transcription factors. CREB is activated when
et al., 2008). Other IEGs and target genes affect structural comsynaptic activity induces its phosphorylation at Ser133 by protein
ponents of synapses and cytoskeletal dynamics, protein trafficking,
kinases such as cAMP-activated PKA or Ca 2⫹-actviated memprotein degradation, protein phosphorylation/dephosphorylation,
bers of the CaM kinase family. CREB then regulates the rate by
and mRNA stability. The list of important IEGs continues to grow.
which target genes are transcribed. Among these target genes,
One previously uncharacterized regulated transcript that appears to
there are other transcription factors such as CCAAT enhancer
mediate cognition and shows promise as a target for memory
binding proteins (C/EBPs) that amplify the gene cascade. Phosenhancement is insulin-like growth factor II (C. Alberini et al.,
phorylation of Ser133 promotes the binding of CREB to a CREBmanuscript in preparation).
binding protein, allowing CREB to interact with the RNA
polymerase II complex to initiate, or not initiate, gene transcripThe neuronal structural network
tion. Phospho-CREB serves as one well recognized marker of
Gene expression contributes to, and is regulated by, the process of
neuronal gene cascade activation. AP1 is another transcriptional
synaptic remodeling. Strong synaptic activity invokes molecular
factor composed of proteins belonging to the c-Fos, c-Jun, ATF,
and structural changes in synapses so that they are strengthened
and JDP families that regulate gene expression. AP1-like factors
or weakened. In response to experience, synaptic activity and
respond to a variety of stimuli and neuronal signaling pathways
consequent remodeling results in the formation of neural circuits
that invoke MAP kinase cascades. Hormones, growth factors,
that encode representations of the experience. A prerequisite
cytokines, and stress regulate CREB, C/EBP, and AP1 activities,
to memory formation is the development of the structural
providing an example of how external factors affect cognitive
matrix composed of neurons and their synapses. The synaptic
mechanisms. NFB is another transcriptional factor activated in
connections forming this network must be responsive to
response to neuronal activity that affects the expression of synapactivity-dependent changes. Perturbations in the formation of
tic proteins such as CaMKII (Alberini, 2009).
the synaptic network during development, injury of neurons
As prototypical mechanisms, these pathways provide insight
possessing synaptic arbors, dysregulation of synaptic plasticinto this targetable aspect of cognition. However, the number of
ity, or the inability to maintain the network structure across
genes containing these sequences may be in the thousands. Furlifespan may underlie human neurological and neuropsychithermore, CREB activation has been reported for many forms of
atric disorders.
physiological and environmental stimuli and many pathways
One current area of inquiry pertains to the fact that during
feed into its activation or inactivation. Thus, it will be important
learning only a tiny fraction of the neurons in the brain are used
to delineate presently unknown transcriptional regulation pathfor any particular memory trace or neural representation
ways to better understand which mechanisms present the most
(Reijmers and Mayford, 2009). As information about the gene
drugable targets for therapeutic development.
cascade underlying memory has emerged, it has provided tools
Once activity-dependent gene expression has been initiated, a
with which to develop new technology to study and identify the
plethora of IEG and target gene transcripts are generated and
mechanisms linking gene expression to synaptic remodeling. As
translated to proteins. The de novo synthesized proteins encoded
one approach to the molecular study of those specific neurons,
by IEGs frequently have short half-lives and mediate synaptic
elements of the tet gene regulation system have been combined
remodeling by controlling a variety of processes. Some factors
with promoters that are activated by high-level neural activity
feed back to mediate further gene expression. An example is Zif
such as that of the IEG cFos to generate mouse models in which a
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genetic tag can be introduced into neurons that are active at a
given point in time (Reijmers et al., 2007). The tag may be maintained for a prolonged period, creating a precise record of the
neural activity pattern during a specific experience. Combined
with behavioral paradigms of learning, this approach has demonstrated that the same neurons activated during learning are reactivated when an animal recalls an adverse experience (Reijmers et
al., 2007). Furthermore, these neurons are no longer activated
following a form of cognition known as memory extinction, consistent with the idea that extinction modifies a component of the
original memory trace. In other studies using neuronal activitydependent activation of immediate early genes to understand
how synapses become tagged with learning, the cFos transgenic
approach was used to express glutamate receptors in activated
neuronal ensembles. The newly synthesized receptors were specifically targeted to a subset of synapses, demonstrating one
mechanism of nucleus-to-synapse communication (Matsuo et
al., 2008). The results suggest that, similar to what had been seen
in synaptic plasticity paradigms (Frey and Morris, 1997), behavioral learning produced a molecular tag at certain synapses that
allowed them to capture the newly synthesized receptors arriving
from the soma hours after the learning event. Thus, the synapses
that are altered in strength to produce a short-term memory must
be primed, or tagged, to receive new receptors, allowing for the
maintenance of the memory.
Synaptic remodeling
Synaptic plasticity and remodeling collectively represents
another prominent component of cognition. Reorganization
within the presynaptic and postsynaptic compartments, and the
extracellular milieu that surrounds the synapse, occurs in response to activity. Experience-dependent activity may induce a
metaplastic state through which activated synapses must pass if
they are to strengthen and form circuits (Abraham, 2008; Lee et
al., 2010). This selective transition of specific synapses involves
activity-dependent changes that are facilitated by, or dependent
on, changes in gene expression and protein translation during the
consolidation process. An important phase in the transition from
naive to strong synapse is thought to involve activity-dependent
increases in synaptic efficiency. This is called long-term potentiation (LTP), with the reverse process termed long-term depression. The induction of these changes in synaptic efficiency may
represent a state of metaplasticity during which synaptic remodeling continues over time and memory is consolidated (Abraham
and Bear, 1996). Synaptic remodeling involves a number of processes that may be considered as potential targets for cognitive
therapies. These processes are highly regulated by signal transduction mechanisms and protein phosphorylation/dephosphorylation. The coordination of these complex processes is key to
learning and memory.
Protein translation
Protein synthesis is required for synaptic plasticity and memory
(Cajigas et al., 2010). Nuclear transcripts are transported to distal
synapses via dendritic-targeting elements in neuronal mRNA. In
response to synaptic activity, protein translation is induced and
the protein translation profile of a synapse that is being remodeled serves as a synaptic memory consolidation snapshot. Inhibitors of protein synthesis attenuate cognition. As more is learned
of the mechanisms controlling synaptic protein translation and
mRNA translocation, new targets for cognitive enhancement
strategies may be found. Toward this goal, a transgenic technology has been developed, called BacTRAP, which allows isolation
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of the complete suite of translated cell-type-specific mRNAs
(Doyle et al., 2008; Heiman et al., 2008; Dougherty et al., 2010).
This system uses bacterial artificial chromosomes to drive expression of ribosomal proteins fused to GFP tags that are then affinity
purified with their associated mRNA transcripts. It will be interesting to use this technology to define the profile of activated
synapses, and to compare this profile between normal mice and
those modeling cognitive disorders such as autism (Silverman et
al., 2010).
Protein degradation
Synaptic remodeling involves changes in the synaptic proteome.
In addition to protein synthesis, selective protein degradation is
an important aspect of cognition. The ubiquitin proteosome system localizes to synapses (Bingol et al., 2010) and its activation
during synaptic activity is essential to plasticity and learning
(Cajigas et al., 2010). NMDA receptor activation mediates redistribution of proteasome subunits. In addition to proteasomes,
Ca 2⫹-activated protein phosphatases such as calpain appear to be
inherently involved in synaptic remodeling. Calpain cleaves the
NR2B subunit of NMDA receptors (Guttmann et al., 2002),
NFB (Schölzke et al., 2003), p35 (the activating cofactor of
Cdk5), striatal-enriched protein tyrosine phosphatase (STEP)
(Xu et al., 2009), and the actin-regulating protein, spectrin
(Lynch et al., 2007), as well as an array of post and presynaptic
proteins (Liu et al., 2006).
Cytoskeletal dynamics
The actin cytoskeleton underlies synaptic structure and actin polymerization/depolymerization dynamics are an inherent aspect
of synaptic remodeling. Small GTPase family members (RhoA,
Rac1, and Cdc42) regulate downstream effectors, including p21activated kinases PAK1 and PAK3, that then alter actin structure
through the LIM kinase-cofilin pathway (Scott and Olson, 2007).
Cofilin destabilizes actin when phosphorylated by LIM kinase. In
regulating actin dynamics, cofilin interacts with the ARP2/3 complex. WAVE1, a member of the Wiskott–Aldrich syndrome protein family, also regulates actin dynamics and is the effector of
synaptic signaling kinases, including PKA and Cdk5 (Ceglia et al.,
2010). Spectrin is a cytoskeletal protein that lines the intracellular
side of the plasma membrane, forming a scaffold and playing an
important role in maintenance of plasma membrane integrity
and cytoskeletal structure (Huh et al., 2001). Its activitydependent cleavage by calpain may also contribute to synaptic
remodeling. Dysregulation of the actin cytoskeleton is associated with mental retardation and cognitive deficits. Because of
its many roles in synaptic function and remodeling, actin dynamics regulation is an attractive target for memory enhancement strategies.
Extracellular matrix
The transmembrane proteins of neurons and their synapses, like
all cells in tissue, undergo posttranslational and translocationcoordinated modifications, such as glycosylation and interaction
with the extracellular matrix. The morphogenic processes by
which synapses remodel and change physical shape likely includes regulation of extracellular matrix interactions. For example, integrins are transmembrane cell adhesion receptors that
mediate cell–matrix and cell– cell interactions, and link the external environment of the cell to its internal cytoarchitectural components. The cytoplasmic domains of these proteins, which have
been suggested to regulate synaptic stability, interact with many
signaling molecules to transduce information bidirectionally
across the plasma membrane. Integrins can regulate ion channel
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activity through signaling pathways that often include tyrosine
phosphorylation cascade. Furthermore, integrins cross talk with
ionotropic glutamate receptors (Morini and Becchetti, 2010).
Accumulating evidence implicates integrin function in synaptic
and behavioral plasticity. Mice with reduced expression of the
␣3-, 5-, and 8-integrin subunits are defective in hippocampusdependent spatial memory (Chan and Davis, 2008), and ␣8integrins are required for hippocampal long-term potentiation
(Chan et al., 2010). Integrins may also affect synaptic activity
through regulation of voltage-gated Ca 2⫹ channels (Gui et al.,
2006). Other posttranslational modifications of transmembrane
proteins affect their interactions with the perineuronal net of
extracellular matrix molecules and may also serve as a point to
enhance cognition. For example, enzymatic removal of hyaluronic acid modulates short-term plasticity and facilitates induction of LTP by increasing the activity of L-type voltage-dependent
Ca 2⫹ channels (Kochlamazashvili et al., 2010). In contrast, removal of chondroitin sulfate reduces LTP at hippocampal excitatory synapses (Bukalo et al., 2001).
Second messenger signaling
It is likely that most, if not all, synapses are capable of activitydependent remodeling. Excitatory neurotransmission may be
balanced with inhibitory activity, and ionotropic receptormediated activity is clearly regulated by metabotropic and
G-protein coupled signaling. The presynaptic and postsynaptic
compartment must integrate the activity of numerous second
messengers such as Ca 2⫹, cyclic nucleotides, lipid metabolites,
and phosphoinositides, all of which trigger signaling cascades
involving protein phosphorylation/dephosphorylation, protein/
protein interactions, and protein synthesis/degradation. Intracellular signal transduction mediators represent important targets
for cognition enhancement. For example, inhibition of the phosphodiesterase 4 family of enzymes that degrade cAMP by rolipram enhances synaptic plasticity, improves cognition, and has
antidepressant effects in humans (O’Donnell and Zhang, 2004;
Kleppisch, 2009). However, rolipram’s negative side effects of
nausea and emesis conspire against its effective deployment in the
clinic and demonstrate the need for more selective targeting strategies (Houslay et al., 2005).
Receptor trafficking and modulation
Excitatory neurotransmitter receptors represent the front line in
the molecular mechanisms of cognition. Ionotropic glutamate
receptors, for example, consist of two main types, AMPA and
NMDA receptors. AMPA receptors conduct the fast excitatory
currents that trigger the formation of action potentials in response to glutamate binding (Malinow and Malenka, 2002). They
are heterotetrameric complexes comprised of at least two of four
subunits, GluR1-4. Each subunit confers specific properties on
their function in glutamate-gated cation conductance. For example, GluR2-containing receptors do not conduct Ca 2⫹. Each subunit is regulated through phosphorylation/dephosphorylation,
interacts with scaffolding partners and components of the
postsynaptic density, and is rapidly transported in and out of the
synapses to strengthen or weaken their action during plasticity
and learning (Choquet, 2010). Substantial evidence points to
these mechanisms being disrupted in cognitive disorders (Keifer
and Zheng, 2010). A number of AMPA receptor agonists have
shown promise for cognitive enhancement therapy. For example,
a class of positive allosteric modulators of AMPA receptors, called
Ampakines, improves plasticity and cognition in animals and
humans (Lynch, 2002).
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NMDA receptors represent another important class of
ionotropic glutamate receptors that are essential for cognition
and synaptic plasticity. Like AMPA receptors, they are heteromeric and are composed of NR1, NR2, and NR3 subunits.
However, unlike AMPA receptors, their activity is not solely
dependent upon glutamate binding. In addition, the receptors
must also complex with glycine via an obligatory NR1 subunit
and are only active during membrane depolarization, when a
voltage-dependent block by Mg 2⫹ is relieved (Cull-Candy and
Leszkiewicz, 2004). Thus, NMDA receptors function as detectors of coincident presynaptic and postsynaptic activity and
are highly permeable to Ca 2⫹, which invokes downstream signaling cascades.
The kinetic characteristics of specific NR2 subunits may also
distinguish their contributions to plasticity. For example, dimeric
NMDA receptors (NMDARs) containing NR2A subunits are
characterized by high open channel probabilities and rapid inactivation. In contrast, NR2B-containing receptors have a lower
open probability but slower inactivation kinetics (Cull-Candy
and Leszkiewicz, 2004). Membrane protein trafficking is also important in regulating NMDAR constituency (Lau and Zukin,
2007). Functional NMDAR assembly occurs in the endoplasmic
reticulum. Targeting of receptors to the synapse is mediated by
interactions between the cytoplasmic tail of NR2 receptors and
other proteins such as membrane-associated guanylate kinases,
including PSD-95, PSD-93, and SAP102 (Sheng and Sala, 2001).
Interactions with endocytic machinery also facilitate internalization (Wenthold et al., 2003). A number of phosphorylation sites
have been suggested to affect the function or trafficking of
NMDAR subunits. (Leonard et al., 1999; Chung et al., 2004).
The distinct properties conferred on NMDA receptor subunits point to the dynamic regulation of their constituency as a
component of cognition. For example, NR2A subunits may be
responsible for plasticity during high-frequency stimulation
events, whereas NR2B subunits may be used during lower frequency stimulation. Furthermore, neurotransmission through
NR2B-containing NMDARs induces the upregulation of NR2A
subunits, indicating that there may be activity-dependent subunitspecific insertion of NMDA receptors (Bellone and Nicoll, 2007). It’s
possible that NR2B-containing receptors are present at immature or
more plastic synapses and activity through these synapses recruits
NR2A-containing subunits to maintain potentiation and allow
higher frequency stimulation. Indeed, NMDARs are typically NR1/
NR2B heteromers early in development, but the subunit composition is developmentally regulated with NR2A expression increasing
over time (Monyer et al., 1994; Sans et al., 2000; Tang et al., 2010).
A large body of work indicates NMDA receptors are crucial to
cognition. For example, mice that overexpress NR2B show increased cognition and enhanced plasticity (Tang et al., 1999; Cao
et al., 2007), and the induction of LTP in the hippocampus of
awake, freely moving rats increases NR2B levels (Williams et al.,
1998). NR2B receptors are also degraded by calpain in an activitydependent manner, and this appears to involve structural interactions with Cdk5 (Hawasli and Bibb, 2007). Conditional knock-out
of Cdk5 in mice increased NR2B levels and resulted in enhanced
plasticity and cognition (Hawasli et al., 2007). NMDA receptor agonists show promise for cognitive enhancement therapy. For example, the partial NMDA receptor agonist, D-cycloserine, has
cognition-enhancing properties for models of Parkinson’s disease in primates (Schneider et al., 2000) and may be considered
for treatment of schizophrenia (Tamminga, 2006). Interestingly,
an NMDA receptor antagonist, memantine, has also shown
some efficacy in slowing the course of some Alzheimer’s dis-
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ease symptoms, possibly via anti-excitotoxic actions (Mount
and Downton, 2006).
In summary, our understanding of the processes that contribute to neurotransmission has grown immensely. A complex picture is beginning to come into focus. As we learn of the many
processes involved, including the examples highlighted here, it is
becoming clear that dysregulation of these processes underlies
cognitive disorders. Consequently, it is now possible to develop
more sophisticated strategies to treat cognitive disorders.
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