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  Introd uction   

 Understanding the mechanisms of memory is one of the biggest challenges of sci-
ence. In order to face this challenge, new technologies are being intensively devel-
oped. Molecular biology tools, high-resolution microscopy, and optogenetics today 
allow for the precise analysis of signal transduction cascades within the living ani-
mal, cell, or single dendritic spine. Transgenic animals with very sophisticated gene 
manipulations and more accurate animal models of mental disorders are used to 
decipher the molecular basis of cognition. But still we do not know the answers to 
the very simple question: how and where is long-term memory stored? These basic 
gaps in our knowledge drive us to ask more and more detailed and precise questions 
about the molecular and cellular basis of cognition. 

 The main progress in the learning and memory fi eld has been made with the 
investigation of simple animal models, such as Pavlovian fear conditioning studies 
with mice. During such training, an animal is exposed to a neutral conditioned stim-
ulus (CS) (a new context, sound, or light signal) and an aversive unconditional stim-
ulus (US) (e.g., electric shock). As a result of such experience, the conditioned 
stimulus acquires secondary aversive properties. The intensity of freezing response 
of the animal after the reexposure to the conditioned stimulus is used as a measure 
of fear memory strength. The early studies indicated several factors which prevent 
fear memory formation, and these included inhibitors of protein synthesis and tran-
scription, antagonists of glutamatergic receptors, as well as inhibitors of intracellu-
lar cascades such as extracellular signal-regulated kinases 1 and 2 (ERK 1 and 2), 
α-isoform of calcium-/calmodulin-dependent kinase II (αCaMKII), or protein 
kinase A (PKA). These observations defi ned the basic molecular processes underly-
ing memory formation and indicated directions of the research in the fi eld. Thus 
recently, the model has been extensively developed. In the current book, we gath-
ered some of the novel achievements of the fi eld of the molecular basis of memory. 
These include ideas which span from the remodelling of the extracellular matrix, 
dynamic changes of the morphology and function of dendritic spines to epigenetic 
modifi cations occurring in the cell nucleus (Fig.  1 ). In nine chapters, new and 
important ideas related to learning and memory processes will be presented. In 
Chap.   1    , the idea that memory after consolidation still can be dynamically  remodelled 
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will be introduced. This process involves the transport of AMPA receptors (Chap. 
  2    ). Furthermore, the role of CaMKII as a controller of synaptic function and infor-
mation storage, which plays both enzymatic and structural roles, will be discussed 
(Chap.   3    ) together with the presentation of data supporting the critical role of alpha-
CaMKII-T286 autophosphorylation in learning and memory (Chap.   4    ). The novel 
mechanism for memory formation involving the formation of big multi- innervated 
dendritic spines will be proposed in Chap.   5    . We will also introduce the idea of the 
inverse synaptic tagging by Arc, the process which is suggested as a mechanism for 
the control of dendritic spine strength via the regulation of AMPA receptor surface 
expression by endocytosis (Chap.   6    ). Next, the possible role of CREB transcription 
factor as a universal memory enhancer in fl ies and mice (Chap.   7    ) and the function 
of chromatin modifi cations and DNA methylation in several forms of mammalian 
memory and associated synaptic plasticity (Chap.   8    ) will be critically discussed. 
Finally, a possible mechanistic role of an extracellular matrix metalloproteinase, 
MMP-9, in synaptic plasticity at the level of structural modulation of spine mor-
phology will be proposed (Chap.   9    ).
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   We are aware of the fact that the topics covered in the book are just the tip of the 
iceberg of memory, but we believe that they are at the same time a great step toward 
understanding the complexity of the brain and the processes it governs. Therefore, 
we would like to express our gratitude for all contributing authors who were willing 
to share with us their exciting discoveries and ideas.  

   London, UK     Karl     Peter     Giese
Warsaw, Poland           Kasia     Radwanska       
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    Chapter 1   
 Reconsolidation and the Dynamic 
Nature of Memory                     

       Karim     Nader    

    Abstract     Research on the reconsolidation effect was greatly revitalized by the 
highly analytic demonstration of memory reconsolidation (Nader et al. 2000) in a 
well-defi ned behavioral protocol (auditory fear conditioning in the rat). Since this 
study, reconsolidation has been demonstrated in hundreds of studies over a range of 
species, tasks, and amnesic agents. Evidence for reconsolidation does not come 
solely from the behavioral level of analysis. Cellular and molecular correlates of 
reconsolidation have also been found. In this review I will fi rst defi ne the evidence 
on which reconsolidation is concluded to exist. I will then discuss some of the con-
ceptual issues facing the fi eld in determining when reconsolidation does and does 
not occur. Lastly I will explain the clinical implications of this effect.  

  Keywords     Memory stabilization   •   Memory destabilization   •   Memory re- stabilization     
•   Memory maintenance  

1.1         Introduction 

 This is an exciting time in the study of learning and memory. Typically, in any learn-
ing and memory study, scientists broadly differentiate between certain phases of 
learning and memory. There is the learning phase in which information is acquired, 
stabilization phase in which specifi c mechanisms are engaged to stabilize initially 
unstable new information [referred to as synaptic consolidation (Glickman  1961 ; 
McGaugh  1966 )], maintenance phase during which other mechanisms are involved 
to maintain the memory, and retrieval phase in which specifi c mechanisms will 
permit a memory to be retrieved (Miller and Springer  1973 ; Spear  1973 ). Prior to 
the year 2000, from a neurobiological perspective, only acquisition and memory 
stabilization (Martin et al.  2000 ; Kandel  2001 ; Dudai  2004 ) were considered to be 
active phases, in the sense that neurons had to perform certain computation or syn-
thesize new RNA and proteins in order for these phases of memory processing to be 

        K.   Nader      (*) 
  Psychology Department ,  McGill University ,   1205 Dr. Penfi eld Avenue , 
 Montreal ,  QC ,  Canada   H3A 1B1   
 e-mail: karim.nader@mcgill.ca  
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carried out successfully. After acquisition and stabilization, all other phases were 
implicitly thought to be passive readout of changes in the circuits mediating the 
long-term memory (LTM). 

 Since the publication of Nader and colleagues’ ( 2000 ) study demonstrating that 
a consolidated LTM memory can become un-stored and restored, a process coined 
“reconsolidation” (Nader et al.  2000 ), about 680 research papers have been 
published with this term in the title. There are now cellular and molecular models 
of this time-dependent memory phase. 

 This review will fi rst describe the logic of the fi ndings that brought the existence 
of the consolidation process into light. I will then describe how we concluded that a 
consolidated memory undergoes reconsolidation in a well-defi ned behavioral proto-
col (auditory fear conditioning in the rat). I will then discuss the range of species, 
tasks and treatments in which reconsolidation have been reported. One aspect of 
reconsolidation that has attracted experimental attention involves the fi nding that 
there seem to be conditions that facilitate or inhibit reconsolidation from occurring. 
While this is an extremely exciting aspect of the phenomenon, controversy surrounds 
the experimental procedures that have been employed to investigate these conditions. 
I present a logical approach that could help to identify the veracity of such condi-
tions. Lastly, I will discuss clinical implications of reconsolidation and briefl y review 
some of the results of the published clinical studies to date.  

1.2     Consolidation: The Dominant Model of Memory Storage 

 Consolidation is defi ned as a time-dependent stabilization process leading eventually 
to the permanent stabilization of newly acquired memory (Ebbinghaus  1885 ; Müller 
and Pilzecker  1900 ; Glickman  1961 ; McGaugh  1966 ) (Fig.  1.1 Ai). At the synaptic 
level of analysis, this process referred to as synaptic consolidation is thought to be 
a universal property of neurons.

   The existence of the consolidation process has been shown from various lines of 
evidence demonstrating the presence of a post-acquisition time interval during which 
new memories are labile/unstable and sensitive to challenges (Fig.  1.1 Ai). First, per-
formance can be impaired by amnesic treatments, such as electroconvulsive shock 
(Duncan  1949 ), protein synthesis inhibitors (Flexner et al.  1965 ), or by new learning 
(Gordon and Spear  1973 ). Second, retention can be enhanced by administration of 
certain compounds, such as strychnine (McGaugh and Krivanek  1970 ). Crucially, 
these manipulations are only effective when administered shortly after new learning, 
but not when given after a few hours. These types of results led to the conclusion 
that memory exists in two states: when susceptible to  enhancement or impairment, 
memory resides in a labile state, but if it is insensitive to these treatments, memory is 
stable and, by defi nition, consolidated (McGaugh  1966 ; Dudai  2004 ). 

 This same logic was employed by Schafe and colleagues to test for the existence 
of a consolidation process in the lateral and basal amygdala (LBA) for auditory fear 
memory. When the protein-synthesis inhibitor anisomycin is infused into the LBA 
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shortly after training, short-term memory (STM) is intact but LTM is impaired 
(Schafe and LeDoux  2000 ) (Fig.  1.1 Aii); however, LTM remains intact when the 
infusion is delayed for 6 h. This pattern of results conforms to the operational defi ni-
tion of consolidation in the sense that the aspect of fear-conditioning memory that 
requires protein synthesis within the LBA is consolidated within at most 6 h after 
learning. In addition, we assume that the experimental manipulation induced amnesia 

  Fig. 1.1    ( Ai ) text-book account of consolidation demonstrating that memories consolidate over 
time into LTM. The critical point is to show that once a memory is in LTM it is thought to remain 
fi xed or permanent (Glickman  1961 ; McGaugh  1966 ). ( Aii ) A typical demonstration of a consoli-
dation blockade (Schafe and LeDoux  2000 ). Intact STM and impaired LTM a pattern of impair-
ment which defi nes a consolidation impairment (Dudai  2004 ; McGaugh  2004 ). ( Bi ) A typical 
demonstration of a reconsolidation blockade. Intact post-reactivation STM (PR-STM) and 
impaired LTM (PR-LTM), meeting the defi nitions for a consolidation blockade (Dudai  2004 ; 
McGaugh  2004 ). ( Bii ) An alternate model of memory that incorporates the fi ndings of consolida-
tion and reconsolidation datasets proposed by Lewis ( 1979 ). Consolidation Theory cannot explain 
the reconsolidation dataset. New and reactivated memories are in an Active state and then over 
time they stabilized and exist in an Inactive memory state. When a memory in an inactive memory 
state is remembered it returns to an active memory state       
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for those computations that the LBA supposedly mediates, i.e., the association 
between the conditioned (the tone; CS) and the unconditioned stimulus (the foot 
shock; US) (Rodrigues et al.  2009 ). 

 One of the basic tenets of the cellular consolidation model is that learning induces 
changes in synaptic effi cacy, suggesting that the physiological “unit” of cellular 
consolidation is the synapse. Two main candidate mechanisms that were postulated 
to implement these changes are long-term potentiation (LTP) and long-term depres-
sion (LTD) (Malenka and Nicoll  1999 ; Martin et al.  2000 ). In parallel to the distinc-
tion of STM and LTM, with the latter being consolidated by a protein 
synthesis-dependent process, LTP is also divided into an early transient phase 
(E-LTP) and a stabilized, RNA and protein-synthesis-dependent late phase (L-LTP) 
(Goelet et al.  1986 ).  

1.3     Behavioral Evidence for a Reconsolidation Process 

 The existence of a reconsolidation process in the LBA for consolidated, i.e., long- 
term, auditory fear memory has been concluded from a study that in logic and 
design followed those for consolidation as described in Schafe and colleagues 
( 2000 ). One day after conditioning, at a time when, according to the results from the 
consolidation study, memory should be fully stabilized and immune to the amnesic 
agent, we reminded animals of the conditioning session by exposing them again to 
the CS, i.e., the tone (Nader et al.  2000 ). Anisomycin, at the same dose, concentra-
tion, and rate as in the Schafe and colleagues’ consolidation study (Schafe and 
LeDoux  2000 ) was then either immediately or later infused into the LBA. When 
anisomycin was administered immediately, anisomycin-treated animals show intact 
post-reactivation-STM (PR-STM) but impaired PR-LTM (Fig.  1.1 Bi), a pattern of 
results that is identical to what is found when blocking consolidation (Schafe and 
LeDoux  2000 ) (Fig.  1.1 Aii). However, if the post-reactivation infusion was delayed 
by 6 h, anisomycin had no effect, demonstrating that the reactivation-induced insta-
bility/lability was transient. Importantly, animals that were not reminded prior to 
anisomycin infusions had intact memory. 

 Staying strictly within the commonly accepted consolidation framework, and 
applying only the defi nitions on which this framework is based, the following four 
conclusions can be drawn from the results of these experiments. First, the observa-
tion that the memory was insensitive to anisomycin when it was not reactivated dem-
onstrates that it was “consolidated” 24 h after training—at least with regards to the 
specifi c amnesic treatment applied. Second, that only the reactivated memory was 
sensitive to disruption demonstrates that memory was in a labile state after reactiva-
tion. Third, the observation that the anisomycin-treated animals showed intact STM 
and impaired LTM after reactivation implies that a consolidation-like process is 
triggered by reactivation. And fi nally, given the amnesic treatment was ineffective 
6 h after reactivation, this post-reactivation re-stabilization process is, like consoli-
dation, a time-dependent process. Taken together, these four conclusions yield the 
interpretation that reactivation of a consolidated memory returns it again to a labile 
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state from which the memory has to undergo stabilization (i.e., reconsolidate) over 
time (Nader et al.  2000 ). 

 Consolidation and reconsolidation are thus both deduced from the evidence of a 
transient period of instability. In the case of consolidation, this window is initiated 
after acquisition of new information; in the case of reconsolidation, it is initiated 
after reactivation of an existing, consolidated memory representation. As is the case 
for consolidation, only during the reconsolidation phase can memory be enhanced 
by “memory enhancers” (Gordon  1977b ; Rodriguez et al.  1993 ; Horne et al.  1997 ; 
Rodriguez et al.  1999 ), or impaired by amnesic treatments (Misanin et al.  1968 ) and 
interfering new learning (Gordon  1977a ). These treatments are ineffective when 
reconsolidation is complete, which is also the case for consolidation. 

 The term “reconsolidation” was introduced as early as 1973, in the context of a 
discussion on memory retrieval. Spear asked “…how will the dynamic aspects of 
memory [will] be handled, that is, with successive learning trials or related succes-
sive experiences does the entire memory reconsolidate anew or merely the new 
information?” p. 188 (Spear  1973 ). As a consequence of the perceived inability of 
the consolidation hypothesis to account for reconsolidation, new memory models 
were developed that treated new and reactivated consolidated memories in similar 
ways (Spear  1973 ; Lewis  1979 ) (Fig.  1.1 Bii). 

 Since the Nader and colleagues ( 2000 )’s report, reconsolidation has been shown 
across a variety of species, tasks, and amnesic treatments (Table  1.1 ). In light of this 
evidence, it is therefore postulated that reconsolidation represents a fundamental 
memory process (Nader and Hardt  2009 ).

   One of the most striking fi ndings in this literature is a study by Lee ( 2008 ), who 
devised specifi c tools to block consolidation or reconsolidation mechanisms (Lee 
 2008 ). Most students of memory would assume that presenting additional learning 
trials to a consolidated memory would engage consolidation mechanisms, which will 
make the memory stronger. However, the evidence from Lee ( 2008 )’s study suggests 
that a memory has to undergo reconsolidation to be strengthened. Moreover, memory 
strengthening by new learning was mediated by reconsolidation and not consolida-
tion mechanisms. This evidence suggests that a recently acquired memory will be 
mediated by consolidation mechanisms within a time window of approximately 5 h. 
However, for the rest of the memory’s lifetime, the memory will engage reconsolida-
tion mechanisms. Therefore, based on this evidence, consolidation but not reconsoli-
dation can be considered as the atypical memory process (Lee  2009 ). 

 This table lists some examples from various experimental paradigms, treatments, 
and species for studies reporting evidence for a reconsolidation process since the 
year 2000.  

1.4     Alternative Interpretations 

 Reconsolidation, as we discussed above, has been defi ned by applying the very 
standards that defi ne consolidation. Therefore, certain non-specifi c interpretations 
of the reconsolidation hypothesis pose the same challenges to the consolidation 
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hypothesis, a consequence that is rarely acknowledged. The complexity of the data 
poses a problem for alternative interpretations, which should not merely provide 
new explanations for the reconsolidation dataset, but need to allow for predictions 
that are different from those offered by the reconsolidation model. For this reason, 
we will not address all the previous alternative interpretations here. A detailed 
discussion of these alternative interpretations including facilitation of extinction, 
transient retrieval impairment, non-specifi c effects, state-dependent learning, and 
new learning is presented in Nader and Hardt ( 2009 ).  

   Table 1.1    Some of the paradigms in which reconsolidation has been reported   

 Experimental 
paradigm 

 Habituation (Rose and Rankin  2006 ) 
 Auditory fear conditioning (Nader et al.  2000 ) 
 Contextual fear conditioning (Debiec et al.  2002 ) 
 Instrumental Learning (Sangha et al.  2003 ), but see Hernandez and Kelley ( 2004 ) 
 Inhibitory avoidance (Anokhin et al.  2002 ; Milekic and Alberini  2002 ) 
 Conditioned aversion learning (Eisenberg et al.  2003 ) 
 Motor sequence learning (Walker et al.  2003 ) 
 Incentive learning (Wang et al.  2005 ) 
 Object recognition (Kelly et al.  2003 ) 
 Spatial memory (Suzuki et al.  2004 ; Morris et al.  2006 ) 
 Memory for drug reward (Lee et al.  2005 ; Miller and Marshall  2005 ; Valjent 
et al.  2006 ) 
 Episodic memory (Hupbach et al.  2007 ) 

 Treatment  Protein-synthesis inhibition (Nader et al.  2000 ) 
 RNA synthesis inhibition (Sangha et al.  2003 ) 
 Inhibition of kinase activity (Kelly et al.  2003 ; Duvarci et al.  2005 ) 
 Protein-knockout mice (Bozon et al.  2003 ) 
 Anti-sense (Taubenfeld et al.  2001 ; Lee et al.  2004 ) 
 Inducible knockout mice (Kida et al.  2002 ) 
 Receptor antagonists (Przybyslawski et al.  1999 ; Debiec and Ledoux  2004 ; 
Suzuki et al.  2004 ) 
 Interference by new learning (Walker et al.  2003 ; Hupbach et al.  2007 ) 
 Potentiated reconsolidation by increase in kinase activity (Tronson et al.  2006 ) 

 Species  Aplysia (Cai et al.  2012 ; Lee et al.  2012 ) 
 Nematodes (Rose and Rankin  2006 ) 
 Honeybees (Stollhoff et al.  2005 ) 
 Snails (Sangha et al.  2003 ) 
 Sea slugs (Child et al.  2003 ) 
 Fish (Eisenberg et al.  2003 ) 
 Crabs (Pedreira et al.  2002 ) 
 Chicks (Anokhin et al.  2002 ) 
 Mice (Kida et al.  2002 ) 
 Rats (Nader et al.  2000 ); rat pups (Gruest et al.  2004 ) 
 Humans (Walker et al.  2003 ; Hupbach et al.  2007 ; Kindt et al.  2009 ; Schiller 
et al.  2010 ) 
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1.5     Evidence for Reconsolidation Across Levels of Analysis 

 Evidence for reconsolidation does not come solely from the behavioral level of 
analysis. A cellular phenomenon akin to reconsolidation was shown for L-LTP 
(Fonseca et al.  2006 ). In this study, the authors report that when anisomycin is 
added 2 h after the induction of L-LTP it has no effect on L-LTP maintenance. If, 
however, the potentiated pathway is reactivated by administering test pulses that 
inhibit protein-synthesis, the potentiation is intact shortly after reactivation but 
becomes impaired over time. This suggests that reactivation of stabilized L-LTP 
returns its substrate to a labile state, in which it can be disrupted by inhibiting pro-
tein synthesis. This is consistent with the suggestion that the mechanisms mediating 
plasticity are stabilized (Finnie and Nader  2012 ) over time, just like consolidation 
(Goelet et al.  1986 ). Other evidence includes reports that reconsolidation blockade 
reverses increases in fi eld potentials induced by fear conditioning in the LA in intact 
animals (Doyere et al.  2007 ). In sum, this evidence suggests the presence of a cel-
lular correlate of the behaviorally-demonstrated reconsolidation impairment. 

 More recently, two papers using classic paradigm of  Aplysia  to study sensitiza-
tion and long-term facilitation (LTF) reported that reconsolidation affects these 
kinds of processes. Indeed, when reconsolidation was blocked, the sensory-motor 
synaptic enhancement typically observed after LTF was reversed (Cai et al.  2012 ; 
Lee et al.  2012 ). 

 At the molecular level, interfering with reconsolidation can, in a time-dependent 
manner, remove molecular correlates of memory induced by learning and subse-
quent consolidation. Miller and Marshall ( 2005 ) showed that place-preference 
learning activates the extra-cellular signal-regulated kinase (ERK) in the nucleus 
accumbens (Miller and Marshall  2005 ). Blocking the activated ERK in the nucleus 
accumbens after reactivation results in intact PR-STM but impaired PR-LTM. In 
these amnesic animals, this also leads to the absence of activated form of ERK and 
its downstream transcription factors in the nucleus accumbens (see also Valjent 
et al.  2006  (Valjent et al.  2006 ) who demonstrate reduction in ERK and GluA1 
phosphorylation using a similar procedure). Studying mechanisms of long-term 
habituation in  C. elegans , Rose and Rankin ( 2006 ) showed that administering heat- 
shock or the non-NMDA glutamatergic antagonist, DMQX, after reactivation of a 
consolidated memory dramatically returns expression of AMPA receptors in the 
mechano-sensory neuron to a level typical for naïve animals (Rose and Rankin 
 2006 ). Importantly, the reconsolidation effects in all of these studies were contin-
gent on memory reactivation—in the absence of a reminder the amnesic treatments 
were ineffective. 

 Another study by Kaang’s group described, at the level of post-synaptic α-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptors, the biochemical 
process that destabilizes a consolidated memory and the subsequent reconsolidation 
process (Hong et al.  2013 ). Learning is thought to lead to AMPA receptor traffi cking: 
calcium-permeable AMPA receptors are inserted into the post-synaptic density (PSD), 
then over time replaced by calcium-impermeable receptors (Rumpel et al.  2005 ). 

1 Reconsolidation and the Dynamic Nature of Memory
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Kaang’s group asked what the AMPA receptor dynamics would be when a memory 
is destabilized and then reconsolidated. These authors reported that memory desta-
bilization is associated with calcium-permeable AMPA receptors. Indeed, blocking 
the introduction of calcium-permeable AMPA receptors into the PSD prevented the 
memory from being unstored (Hong et al.  2013 ). Thus, they found that the replace-
ment of calcium-impermeable AMPA receptors by calcium-permeable AMPA 
receptors mediated the process of reconsolidation. 

 These studies are a small sample of the dataset which provides striking evidence 
for the existence of a transient post-reactivation period of memory plasticity, 
i.e., memory reconsolidation, on the behavioral, physiological, and molecular 
levels of analysis.  

1.6     Can Mechanisms Mediating Pre-synaptic Plasticity 
Undergo Reconsolidation? 

 Synapses usually have presynaptic and post-synaptic compartments. The electrical 
signal is conducted from the pre-synaptic to the post-synaptic compartment. One 
theory on the locus of memory posits that pre-synaptic changes are critical for LTM 
and L-LTP (Bliss and Collingridge  1993 ). These pre-synaptic changes are thought 
to increase the probability of vesicle release. 

 In all the studies that examined cellular or molecular correlates of consolidation 
or reconsolidation, blocking the respective memory processes reversed the learning- 
induced molecular/cellular correlates. For example, in a study, Bailey and col-
leagues ( 1993 ) reported that the blockade of consolidation in an Aplysia preparation 
with a protein-synthesis inhibitor prevented the increase in the number of synapses 
to the point where this number of synapses compared to levels of synapses in naïve 
animals. The same pattern of results has been shown in reconsolidation studies, as 
can be seen in the previous section. 

 Tsvetkov and colleagues ( 2002 ) have previously demonstrated that auditory fear 
conditioning induces predominantly pre-synaptic enhancements in both inputs to 
the lateral amygdala thought to mediate fear learning (Tsvetkov et al.  2002 ). 
Recently, this group assessed what would happen to these learning-induced pre- 
synaptic enhancements after blocking reconsolidation with rapamycin, a protein- 
synthesis inhibitor. They reported that these pre-synaptic enhancements were not 
reduced, but that a reduction in post-synaptic AMPA receptors correlated with the 
behavioral impairments (Li et al.  2013 ). This fi nding suggests that the post-synaptic 
mechanisms must detect how much potential exists on the pre-synaptic terminals 
and reduce the post-synaptic AMPA receptors below baseline PSD levels. 

 There are two theoretical implications of these fi ndings for reconsolidation. 
First, perhaps, pre-synaptic mechanisms of long-term plasticity are independent of 
reconsolidation. This would entail that only the post-synaptic mechanisms of 
long- term memory could be susceptible to reconsolidation blockade. The second 
possibility is that pre-synaptic mechanisms are affected by reconsolidation, but the 
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amnesic treatment used, a protein synthesis inhibitor (PSI), was not appropriate to 
target the pre-synaptic mechanisms mediating reconsolidation. We know that 
pre- synaptic enhancements are not affected by PSIs. Therefore, a tool transiently 
challenging the mechanisms mediating long-term pre-synaptic effi cacy would be 
needed to test this hypothesis.  

1.7     Reconsolidation Is Not Universal 

 The fact that memory reconsolidation has been found across levels of analysis does 
not imply that reconsolidation is universal, i.e., observed under any circumstance. 
Another variation of the theme that reconsolidation is not a universal property of 
memory is the concept of constraints on this phenomenon, or “boundary condi-
tions”. These are situations of physiological, environmental, or psychological 
nature, in which memory that normally would reconsolidate no longer does. Several 
boundary conditions have been proposed, such as extinction consolidation 
(Eisenberg et al.  2003 ; Pederia and Maldonado  2003 ; Suzuki et al.  2004 ), memory 
age (Milekic and Alberini  2002 ; Suzuki et al.  2004 ), predictability of the reactiva-
tion stimulus (Pedreira et al.  2004 ; Morris et al.  2006 ) and training intensity (Suzuki 
et al.  2004 ). Others, however, have not identifi ed similar boundary conditions in 
other protocols (for extinction, Stollhoff et al.  2005 ; Duvarci et al.  2006 ), old mem-
ories (Debiec et al.  2002 ; Lee et al.  2005 ), predictability of the reactivation stimulus 
(Pedreira et al.  2002 ; Bozon et al.  2003 ; Sangha et al.  2003 ; Valjent et al.  2006 ) or 
strength of training (Debiec et al.  2002 ; Lee et al.  2005 ). Whether additional param-
eters moderate boundary conditions remains to be seen. 

 The observed inconsistencies in the identifi cation of the boundary conditions might 
be due to the absence of agreed-upon, standard experimental parameters required to 
test the presence of such boundary conditions. For example, if memory disruption is 
not observed within a set of experimental parameters, then it is concluded that the 
memory does not undergo reconsolidation under those conditions. A number of 
reports, however, have demonstrated that a memory may undergo reconsolidation 
only under specifi c reactivation conditions (De Vietti and Holiday  1972 ; Bozon et al. 
 2003 ; Suzuki et al.  2004 ). The implication of these fi ndings is that it is extremely dif-
fi cult to conclude based on behavioral studies that a memory never undergoes 
reconsolidation. Therefore the question remains whether the negative effects upon 
which the boundary conditions are based imply that a given memory never under-
goes reconsolidation under those conditions, or the memory is still capable of 
undergoing reconsolidation with another reactivation protocol (Fig.  1.2 ). Given that 
the parameter space of possible reactivation procedures is essentially infi nite, a real 
boundary condition is very diffi cult to prove at the behavioral level. This is likely part 
of why there is inconsistency in the fi eld of boundary conditions.

   Wang and colleagues ( 2009 ) took a complementary approach to identify some of 
the molecular mechanisms that are induced by boundary conditions to inhibit the 
occurrence of reconsolidation (Wang et al.  2009 ). If molecular or cellular indicators 
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for when memories stop undergoing reconsolidation were identifi ed, then we could 
make strong predictions concerning when we should see these mechanisms 
expressed (Fig.  1.3 ). Specifi cally, if strong memories, old memories, or extinction 
represent real boundary conditions, then the putative mechanisms mediating 
boundary conditions should be fully expressed within the respective memory sys-
tem. Conversely, under conditions when a memory does undergo reconsolidation 
(e.g. weak training, little extinction, or young memories), then the mechanism 
mediating boundary conditions should be minimized. This strategy would signifi -
cantly complement the behavioral studies described above in their search for true 
boundary conditions and help resolve some of the confl icting fi ndings in the fi eld.

   An understanding of how boundary conditions are mediated across levels of analy-
sis is critical because targeting reconsolidation of traumatic memories has been 
proposed to be a potential treatment for post-traumatic stress disorder (PTSD) 
(Przybyslawski and Sara  1997 ; Debiec et al.  2002 ; Schiller et al.  2010 ). Specifi cally, 
blocking the reconsolidation of traumatic memories might weaken the long-term 

  Fig. 1.2    Possible functions describing the constraint’s on reconsolidation. It is still an open ques-
tion if the functions are linear or exponent. Different experimental conditions may produce differ-
ent functions. The experimental space to the left of the curve is determined by examples in which 
the memory undergoes reconsolidation as demonstrated in the schematic behavioral impairment. 
The evidence for constraints on reconsolidation is derived from negative fi ndings as shown in the 
schematic on the  right . That is a logical limitation of the behavioral approach to this issue. 
Therefore, we suggested that a complementary approach to help resolve this issue would be to 
identify a molecular correlate for the absence of reconsolidation. This would act as positive evi-
dence for the that the existence of the constraint       
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maintenance of these traumatic memories, in turn, reducing PTSD pathology. 
However, if strong aversive experiences act as boundary conditions on reconsolidation 
(Suzuki et al.  2004 ), then this would suggest that the traumatic memories in PTSD 
patients may be resistant to undergoing reconsolidation thereby negating reconsolida-
tion as a potential therapeutic target. Therefore, understanding boundary conditions, 
such as strength of training, is critical to ensure that we know if it is possible to target 
reconsolidation of very strong fear memories, and if so, what the optimal conditions 
are to allow an extremely strong fear memory to undergo reconsolidation. 

 To this end, Wang and colleagues ( 2009 ) found that strong auditory training 
produced memories that initially did not undergo reconsolidation but they did so 
over time on the order of 1 month. This suggests that boundary condition induced 
by strong training is transient (Fig.  1.4a ). This in itself is striking, as the implicit 

  Fig. 1.3    Conceptual diagram demonstrating how boundary conditions could inhibit memories 
from undergoing reconsolidation across memories types and memory systems. ( a ) Under experi-
mental conditions when a memory undergoes reconsolidation, the mechanisms allowing a memory 
to be transformed from a consolidated to an labile active state (AS), must be present and functional 
at the synapse (“?” in fi gure). These mechanisms, of course, will involve more than surface recep-
tors and will likely include a number of molecular processes that have yet to be identifi ed. ( b ) 
Experimental conditions that begin to inhibit memories from undergoing reconsolidation may lead 
to a partial reduction in a mechanism that is critical for the induction of reconsolidation. The partial 
reduction might be suffi cient to prevent the induction of reconsolidation when a standard protocol 
is used. However, there may still be suffi cient amounts of this mechanism to permit the memory to 
undergo reconsolidation when a stronger reactivation is used. ( c ) Under conditions when the mem-
ory does not undergo reconsolidation, a boundary condition, a necessary mechanism for the induc-
tion of reconsolidation is reduced to the point that alternative reactivation protocols cannot induce 
the memory to undergo reconsolidation       
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  Fig. 1.4    ( a ) Strong memories undergo reconsolidation at 30 and 60, but not 7, days after training 
(taken from Wang et al.  2009 ). The  top panel  represents the behavior protocol. Separate groups of 
animals were LBA-cannulated and trained with ten tone-footshock pairings. The memory was 
reactivated at 7, 30, or 60 days after training. The freezing ration was computed as 
((PR-LTM − PR-STM)/PR-STM) × 100 %. Intra-LBA anisomycin infusion impaired the PR-LTM 
only when the strong memory was reactivated at 30- and 60-day after training. The  asterisk  (*) 
indicates signifi cant group differences. ( b ) NR2B-subunit levels, assessed by immunohistochem-
istry (IHC), are inversely related to the ability of the strong memories to undergo reconsolidation 
over time. ( i ) Animals received ten tone-footshock pairings (10P), one pairing (1P), or one foot-
shock followed by an unpaired tone (UP). They were sacrifi ced 2 days after training, a time when 
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assumption is that once a memory stops undergoing reconsolidation it will never 
begin again. This was the fi rst demonstration that a putative boundary condition 
could be transient (Wang et al.  2009 ).

   Wang and colleagues ( 2009 ) hypothesized that one principle that could mediate 
boundary conditions is to down-regulate the mechanisms that allow memories to 
undergo reconsolidation. What could be the molecular mechanism to inhibit recon-
solidation of strong memories for up to 30 days after training in the LBA? Ben 
Mamou and colleagues ( 2006 ) demonstrated the NMDA receptors antagonists for 
the NR2B subunits are necessary in reactivation-induced destabilization, but that 
this destabilization does not get expressed in behavioral level (Ben Mamou et al. 
 2006 ). Specifi cally, pre-reactivation application of ifenprodil (a NR2B antagonist) 
prevented the memory from being impaired by post-reactivation anisomycin, how-
ever, it had no effect on the expression of freezing. New strong memories show 
similar properties: normal expression of freezing during reactivation but insensitiv-
ity to post-reactivation anisomycin. Ben Mamou and colleagues ( 2006 ) reasoned 
that strong training may down-regulate NR2B expression in the LBA, thereby mak-
ing the memory insensitive to post-reactivation anisomycin infusions but capable of 
being expressed normally. It was hypothesized that NR2B expression in the LBA 
should be reduced under conditions when memories did not undergo reconsolida-
tion but should remain normal when memories underwent reconsolidation. That 
was exactly what was observed. NR2B levels were normal when the memory under-
went reconsolidation, but drastically reduced under the conditions in which the 
memory did not undergo reconsolidation (Fig.  1.4b ). The reduction was subunit- 
selective, with NR1 subunits constant at all time-points. 

 The suggested role of the NR2B subunits in regulating when fear memory in the 
LBA will undergo reconsolidation may not generalize to all memory systems or 
types of memory. Currently, there are four studies that have examined the mecha-
nisms involved in transforming a consolidated memory to a labile state. While we 
have demonstrated that NR2B subunit is critical for memories to return to a labile 
state within the LBA for fear conditioning (Ben Mamou et al.  2006 ), NMDA recep-
tors in the hippocampus and within the amygdala for appetitive memories are thought 
to play a role in re-stabilization process (Milton et al.  2008 ; Suzuki et al.  2008 ). 

Fig. 1.4 (continued) the memory does not undergo reconsolidation, and their brains were later 
processed for IHC. The  left panel  represents the actual staining in regions of interest (ROI) in 
lateral and basal amygdala (LA, BA) in individual groups ( n  = 4/group). The graph shows the 
quantifi cation of NR2B-positive cell numbers in each ROI. While 1P and UP animals showed simi-
lar level of NR2B-immunostained cells, 10P animals showed signifi cantly less stained cells in 
either LA or BA. The  asterisk  (*) indicates signifi cant group differences. ( ii ) Animals received 
either 10P or 1P. They were sacrifi ced 60 days after training, a time when the memory does undergo 
reconsolidation, and their brains were later processed for IHC. Both groups show similar level of 
NR2B-positive cells in LA and BA. The scalar bar represents 80 μm. All pictures in the  left panel  
are in the same scale. Each data point is represented in mean ± SEM       
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Milton et al. ( 2013 ) have shown that GluN2A is important for reconsolidation, 
whereas GluN2B is required for destabilization In the hippocampus, voltage- gated 
calcium channels (VGCC) (Suzuki et al.  2008 ) and protein-degradation (Lee et al. 
 2008 ) are critical for a memory to return to a labile state.  

1.8     Does Reconsolidation Implies an Exact Recapitulation 
of Consolidation? 

 An important but somewhat neglected aspect of this debate is that the protocols used 
to study reconsolidation are different from those used to study consolidation, which 
renders direct comparison of results problematic. For example, in auditory fear con-
ditioning, both CS and US are presented, leading to activation of afferents that relay 
auditory and pain information to the amygdala. Neurons that are thought to be the 
site of plasticity in the LBA are proposed to receive concurrent activation by these 
afferents (Blair et al.  2001 ). As a consequence, a series of second messenger sys-
tems are activated that are thought to lead to transcription and translation of proteins 
required for consolidation (Maren  2001 ; Schafe et al.  2001 ). In reconsolidation 
studies, however, typically only the CS is presented to reactive and induce plasticity 
in consolidated memory. Thus, consolidation studies examine the neurobiological 
changes after a CS and US are presented together, while reconsolidation studies 
examine neurobiological changes that happen after presentation of a CS alone. For 
this reason, at the brain systems/circuits and molecular level, consolidation and 
reconsolidation must be different, as only the former directly activates the pathways 
that relay US information to the amygdala, which are not directly activated in recon-
solidation studies. Therefore, the demonstration of differences in brain regions or 
circuits mediating consolidation and reconsolidation may be rather trivial (Nader 
et al.  2005 ). It remains unclear which of the reported differences between consolida-
tion and reconsolidation actually refl ect genuine differences between the two pro-
cesses as opposed to differences in the protocols used to induce them. A study in 
which differences between reconsolidation and consolidation were not attributable 
to differences in the protocols is the fi rst to shed some light on this issue (Lee et al. 
 2004 ). The authors reported a double dissociation, separating the mechanisms 
mediating consolidation from those that mediate reconsolidation (Lee et al.  2004 ) 
(see also the work by Giese and colleagues (von Hertzen and Giese  2005 )).  

1.9     Clinical Implications 

 Consolidation and reconsolidation are processes ubiquitous to all neurons (not just 
those in memory systems) (Kandel  2001 ). The fi nding that consolidated memories 
return to a labile state and have to be restored has signifi cant implications for a 
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number of clinical conditions such as post-traumatic stress disorder (PTSD), addic-
tion, obsessive-compulsive disorder (OCD) or delusions/hallucinations. An under-
standing of the mechanisms mediating reconsolidation could provide the basis for 
developing new or refi ning old therapeutic tools to successfully manage if not cure 
some of these conditions. As an example of how this could be applied, imagine a 
patient with PTSD whose symptoms were resistant to both drugs and psychother-
apy. A new way of treating this condition could be to reactivate the patient’s trau-
matic memory and block its reconsolidation. Theoretically, this should lead to a 
“cure” within a single session. Although fi nding a cure in the removal of a memory 
in a single session may sound worthy of a fi ctional reality, early studies on humans 
using electroconvulsive therapy (ECT) demonstrates that this possibility may not be 
incompatible with real life. 

 Franks and colleagues (Rubin et al.  1969 ; Rubin  1976 ) treated patients suffering 
from either hallucinations, delusions, major depression, or OCD. In contrast to 
other studies that administered ECT when the subjects were anaesthetized, Rubin 
and colleagues kept the patients awake and directed them to focus on the objects of 
their compulsions or hallucinations. This experimental procedure reactivated the 
neural mechanisms mediating those memories when the ECT was delivered. All of 
the subjects were reportedly “cured” of their condition, even though some had had 
up to 30 previous ECT treatments while under anesthesia. The majority remained 
symptom-free for the 2 year period between the treatment and the publication of the 
manuscript. The fact that ECT was effective only when the memories were reacti-
vated, but not when the memory reactivation was omitted (i.e., when the patient was 
anesthetized), suggests in principle that reconsolidation occurs in humans. 
Furthermore, this study provides evidence that the possibility of curing someone by 
removing a memory in a single session may not be so remote. 

 Today’s treatments tend to be less intrusive than ECT. For example, beta- 
adrenergic antagonists such as propranolol have few side effects and are known to 
block reconsolidation of aversive and appetitive memories preferentially stored in 
the amygadala. The fi rst attempt to target reconsolidation in patients with enduring 
PTSD symptoms reported a reduction in the strength of traumatic memories after a 
15 min intervention (Brunet et al.  2008 ). It is important to note that some of these 
patients had been suffering from these PTSD symptoms for close to 30 years. 
Furthermore, it is remarkable that a single reactivation caused an old and consoli-
dated memory to become un-stored again. Drug craving (Xue et al.  2012 ; Saladin 
et al.  2013 ) and PTSD (Brunet et al.  2008 ; Menzies  2012 ) are two clinical condi-
tions in which it has been demonstrated that targeting their underlying maintaining 
mechanisms through reconsolidation can lead to signifi cant clinical improvement. 
For a more extended discussion of these issues please see a recent review by Nader 
and colleagues ( 2013 ). 

 For other clinical conditions, such as OCD/major depression, that may 
involve multiple maintaining mechanisms, which may not be mediated by a 
single brain area, a new form of ECT has been shown to block reconsolidation 
(Kroes et al.  2014 ).  
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1.10     Conclusion 

 Reconsolidation as a memory process is a relatively recent entry in the domain of 
memory research. Reconsolidation has changed our view of memory from a passive 
to an active neurobiological process. The evidence for reconsolidation comes from 
a spectrum of species, amnesic agents, and reinforcers, spanning all levels of analy-
sis from molecular, physiological, and behavioral levels, thereby suggesting that 
reconsolidation is a fundamental property of memory. What is more indicative of 
the status of reconsolidation in memory research is that evidence from both human 
and rodent studies has grown exponentially in the recent years. 

 Reconsolidation remains a topic of intensive research. One area of investigation 
that is being studied involves the identifi cation of boundary conditions in reconsoli-
dation. I have described a major limitation of the current approach to identify such 
boundary conditions and suggested a complementary approach to help resolve this 
important issue. Specifi cally, identifying a molecular or cellular indicator of when 
memories undergo reconsolidation represents this complementary approach. 

 There is a growing interest in utilizing reconsolidation blockage as a therapeutic 
tool in several clinical conditions, most importantly PTSD. Although most of the 
studies to date do not report signifi cant clinical effects from targeting reconsolida-
tion, evidence from these studies are proof-of-concept demonstrations of the useful-
ness of reconsolidation paradigm in clinical research. Particularly, the evidence 
demonstrating the effectiveness of blocking reconsolidation of traumatic memories 
as old as 30 years is a cause for optimism. Nonetheless future clinical research will 
undoubtedly benefi t from advances in basic research, amongst others an increased 
understanding of the boundary conditions of reconsolidation.     
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    Chapter 2   
 AMPA Receptor Plasticity in Retrieval, 
Reconsolidation and Post-retrieval Extinction 
of Memories                     
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    Abstract     Learning and memory are evolutionary evolved ‘survival factors’. They are 
fundamental in nature, as most species use stored information related to experience 
to adapt to constantly changing environments. When experiences are aversive (fear-
ful), they should be avoided upon renewed contact. Thus, coupling environmental 
stimuli to aversive events enables the individual to respond adequately later in time. 
This involves implicit (non-declarative) learning in which the resulting associative 
memories can be recalled refl exively and may have lifetime persistence. Sometimes 
this learning can be maladaptive, resulting in a hyper-responsive system, in which 
stimulus-induced recall of memory leads to excessive fear and anxiety. In order to 
develop new therapeutic strategies to treat such disorders, it is important to under-
stand the neural mechanisms of the capacity to encode, store, consolidate, retrieve 
and erase information. In this chapter we will touch upon synaptic plasticity mecha-
nisms that underlie memory formation, and focus on the role of AMPA receptor 
(AMPAR) plasticity in the amygdala and hippocampus during the retrieval, destabi-
lization and subsequent restabilization of memory.  
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2.1         Distinct Processes of Fear Memory Formation 
and Retrieval 

 Over the years it has become increasingly clear that the process of memory formation 
and storage, including the phase following memory recall, is a dynamic and tempo-
rally defi ned encoding process that includes stabilization and destabilization of a 
memory not only at the level of behavioral expression, but also at the synaptic and 
cellular level (Nader  2003 ; Tronson and Taylor  2007 ). 

 Initially a labile short-term memory (STM) is transformed into a stable and 
persistent long-term memory (LTM) by the process of consolidation. For fear con-
ditioning, a paradigm in which animals learn to associate an otherwise neutral stim-
ulus (after learning referred to as conditioned stimulus; CS) with a foot-shock 
(unconditioned stimulus; US) this process typically takes 6 h, after which it is insen-
sitive to pharmacological disruption (Muller and Pilzecker  1900 ; Hebb  1949 ; 
Glickman  1961 ; McGaugh  1966 ; Nader  2003 ). At the cellular level, at shorter time 
scales, molecular or synaptic learning takes place at synapses of particular brain 
areas, such as the hippocampus and amygdala, followed on a longer time scale by a 
gradual involvement of other brain regions in memory processing, leading to a 
‘reorganization’ of memory  content  across different brain regions and systems, a 
process referred to as systems consolidation (Nader et al.  2000b ). 

 The fi rst hint that memory formation is not a linear process, but in fact dynamic 
in nature comes from early gross systemic amnestic manipulations given around the 
time of memory recall, which resulted in a loss of memory in subsequent retrieval 
tests (Misanin et al.  1968 ; Mactutus et al.  1979 ; Sara  2000 ) (Fig.  2.1 ). In order to 
better characterize this phenomenon, more sensitive studies from the laboratory of 
LeDoux and others found that disrupting the same cellular processes that act during 
initial consolidation, such as protein synthesis, activation of the CREB pathway and 
kinase activity, produced amnesia that was contingent on memory retrieval (Tronson 
and Taylor  2007 ; Nader and Hardt  2009 ). This showed that memory returns to a 
labile state after retrieval and requires a process of re-stabilization in order to persist 
further (Nader et al.  2000a ; Schafe et al.  2001 ; Nader and Hardt  2009 ; Nader and 
Einarsson  2010 ). This active destabilization of synaptic memory and the process of 
re-stabilization that follows have been termed as ‘reconsolidation’ and are crucial to 
memory processing based on further experience (Nader et al.  2000a ; Tronson and 
Taylor  2007 ). Reconsolidation is fundamental, but not ubiquitous (Tronson and 
Taylor  2007 ; Nader and Hardt  2009 ) and there appear to be boundary conditions or 
limiting factors, such as age and strength of the memory, and length of the reactiva-
tion trial, that determine the occurrence of reconsolidation (Wang et al.  2009 ; Nader 
and Einarsson  2010 ).

   Like initial consolidation, this process of post-retrieval restabilization also 
appears to involve different phases, like STM and LTM and is thought to engage 
many of the same cellular mechanisms (Schafe et al.  2001 ) and brain regions 
(Suzuki et al.  2004 ; Mamiya et al.  2009 ). However, reconsolidation is not merely a 
recapitulation of consolidation (Schafe et al.  2001 ; Lee et al.  2004 ; Tronson and 
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Taylor  2007 ; Lee  2009 ), which is exemplifi ed by the double dissociation between 
brain-derived neurotrophic factor (BDNF) and transcription factor early growth 
response 1 (Egr1/Zif268). Whereas the fi rst is selectively required for consolidation 
in the hippocampus, Zif268 is selectively required for reconsolidation of contextual 
fear memory (Lee et al.  2004 ). Besides these, a number of other genes have been 

  Fig. 2.1    Memory processing is dynamic in nature. ( a ) Conditioning an animal to form an association 
between a CS (context and/or tone) and a US (foot shock) results in the consolidation of memory 
over a period of time, from an unstable short-term memory (STM) into a long-term memory (LTM) 
that is more stable and enduring. A short retrieval of memory returns it to an active labile state that 
requires the temporal process of reconsolidation to convert it to an inactive state that is persistent 
over time. ( b )  Taupe : During conditioning, prior to receiving a foot shock, animals show very low 
levels of fear responding as measured by freezing. However after consolidation, this fear response 
is signifi cantly higher when measured during a retrieval test. Following this, the labile fear mem-
ory is reconsolidated and maintained after retrieval and expressed in subsequent retrieval tests. 
 Red : Pharmacological infusions in the fi rst hours after conditioning, disrupts the consolidation of 
memory and a loss of fear response on retrieval.  Blue : Pharmacological infusions immediately 
prior to or in the fi rst hours after retrieval disrupt the normal reconsolidation of memory and can 
result in a weakened ( light blue ) or strengthened ( dark blue ) fear memory depending on the type 
of intervention used. This modifi ed fear memory is expressed as either a decrease or an increase in 
fear responding in subsequent retrieval tests (Color fi gure online)       
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found that are required for reconsolidation and have been described in comprehensive 
review by Tronson and Taylor in 2007 (Tronson and Taylor  2007 ). 

 Thus, reconsolidation is a retrieval-induced time-dependent process that is not 
merely a reiteration of consolidation and must have its own functional signifi cance 
(Tronson and Taylor  2007 ; Lee  2009 ). Over the years, this post retrieval process has 
been exploited to understand the stability of memory and has recently come into 
focus for its adaptive nature that makes it a potential target for therapeutic purposes 
to treat disorders, such as post-traumatic stress disorder (PTSD) (Tronson et al. 
 2006 ; Tronson and Taylor  2007 ; Lee  2009 ,  2010 ; Nader and Hardt  2009 ; Schiller 
et al.  2010 ). Fear memories are often retrieved in the presence of additional infor-
mation related to CS and US contingencies, and adaptive modifi cation of a memory 
after reactivation maintains the predictive relevance of the memory to guide future 
behavior (Lee  2009 ). This adaptive nature of reconsolidation can be used to modify 
both the strength and content of memory (Lee  2008 ,  2009 ,  2010 ) and it is thus 
important to understand the molecular mechanisms that underlie this process. 

 Over the years, substantial work has been done in elucidating the synaptic mech-
anisms that underlie the consolidation of fear memories, whereas work on the pro-
cess of reconsolidation has lacked behind. A number of neurotransmitter systems 
including the glutamatergic system (Maren  2005 ; Johansen et al.  2011 ), GABA- 
ergic (Berlau and McGaugh  2006 ; Makkar et al.  2010 ) and serotonergic systems 
(Roberts and Hedlund  2012 ; Woods et al.  2012 ) have been implicated in the regula-
tion of synaptic plasticity and memory processing. Furthermore, it is believed that 
neuromodulation of synaptic plasticity by metabotropic glutamate receptors 
(Rodrigues et al.  2002 ; Johansen et al.  2011 ) and various monoamines, such as nor-
epinephrine (Tully and Bolshakov  2010 ) and dopamine (Pezze and Feldon  2004 ), is 
critical to promote the formation of emotional memories (Bailey et al.  2000 ; Tully 
and Bolshakov  2010 ; Johansen et al.  2011 ). Recently, synaptic plasticity processes 
themselves, i.e. traffi cking of ionotropic glutamate receptors, have been studied in 
the context of memory consolidation and reconsolidation. First, we will describe 
this recent work in terms of the molecular mechanism of AMPAR traffi cking in 
reconsolidation (Sect.  2.2 ), before turning to the adaptive nature of reconsolidation 
and underlying mechanism (Sect.  2.3 ). Finally, we will discuss possible boundary 
conditions of reconsolidation as an adaptive process to modify memory strength and 
content (Sect.  2.4 ).  

2.2      AMPA Receptor Traffi cking, Synaptic Plasticity 
and the Processing of Memories 

 Changes in the strength of synaptic connections between neurons are widely 
believed to be mechanistically involved in the processing of memories in the brain. 
Experience generates neural activity, which in turn alters neural circuit function 
resulting in a modifi cation of behavior. This activity-dependent change in strength 
and effi cacy of excitatory synaptic function is termed synaptic plasticity, and is 
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thought to be the neural basis of a plethora of normal, adaptive and pathological 
brain function (Citri and Malenka  2008 ). The main excitatory connections in the 
brain are glutamatergic synapses that contain two main types of ionotropic gluta-
mate receptors; the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPARs) responsible for fast signal transmission and the  N -methyl- d -aspartate 
receptors (NMDARs) for long-term changes in synaptic transmission, namely long- 
term potentiation (LTP) and long-term depression (LTD) (Malenka  1994 ,  2003 ; 
Malinow and Malenka  2002 ; Malenka and Bear  2004 ). Depression or enhancement 
of synaptic transmission can span temporal domains ranging from the short to the 
very long term, and is critical to incorporate transient experiences into permanent 
memory traces (Citri and Malenka  2008 ). At excitatory synapses, the different 
forms of plasticity that are expressed can be regulated from the pre- or postsynaptic 
site. Whereas modulation of presynaptic transmitter release is mostly implicated in 
brief memory, specifi cally postsynaptic mechanisms come into play when pertain-
ing to persistent forms of memory (Roberts and Glanzman  2003 ; Kessels and 
Malinow  2009 ). Here, we will focus on postsynaptic changes in receptor numbers 
that underlie synaptic plasticity (Huganir and Nicoll  2013 ) and fear memory pro-
cessing during retrieval and reconsolidation of memory. 

 AMPARs are mainly comprised of heterotetrameric complexes made up of at 
least a combination of two out of four subunits, designated as glutamate receptor 
GluA1–4 (Wenthold et al.  1996 ; Collingridge et al.  2009 ), that confer specifi c phys-
iological properties of AMPAR channel function, such as kinetics, conductance and 
permeability. Most notably, GluA2-containing AMPARs are impermeable to diva-
lent cations (calcium impermeable AMPA receptors (CI-AMPARs)), whereas those 
lacking the GluA2 subunit are calcium (Ca 2+ ) permeable (calcium permeable AMPA 
receptors (CP-AMPARs)) (Isaac et al.  2007 ) and have an inward rectifi cation. 
AMPARs have been shown to underlie activity-dependent changes in excitatory 
synaptic function during different forms of learning (Kessels and Malinow  2009 ), 
with (1) the insertion of AMPARs into synapses resulting in synaptic strengthening 
and (2) the removal or endocytosis of AMPARs from synapses resulting in synaptic 
weakening (Kessels and Malinow  2009 ). 

 The synaptic localization of AMPARs is mainly regulated by the phosphoryla-
tion of specifi c amino acid residues in their carboxyl terminal tail (C-tail) (Malinow 
and Malenka  2002 ) and interactions with a wide range of binding partners (Malenka 
 2003 ; Sumioka  2013 ). The GluA1, GluA4 and GluA2L have long intracellular 
C-tails, whereas the GluA2, GluA3 and GluA4c have short ones (Kessels and 
Malinow  2009 ). The activity-driven synaptic incorporation of AMPARs is mainly 
mediated by long-tailed AMPARs (Hayashi et al.  2000 ; Harms et al.  2005 ; Kessels 
and Malinow  2009 ), and the activity dependent removal of AMPARs from synapses 
that results in synaptic weakening and LTD is mainly dependent on the phosphory-
lation of the GluA2 C-terminal tail at S880 by PKC and dephosphorylation of 
GluA1 at S845 or S831 (Chung et al.  2000 ; Lee et al.  2000 ,  2003 ; Perez et al.  2001 ; 
Seidenman et al.  2003 ; Kessels and Malinow  2009 ). Furthermore, three tyrosine 
residues in the GluA2 C-terminal tail are required for regulated endocytosis of 
GluA2-containing AMPARs. A mimetic peptide (GluA2 3Y ) that spans the nine 

2 AMPA Receptor Plasticity in Retrieval, Reconsolidation and Post-retrieval…



26

amino acids harboring these three tyrosine residues specifi cally abolishes regulated 
NMDAR-dependent endocytosis of synaptic AMPARs (Ahmadian et al.  2004 ) 
through substrate competition, and serves as a plasticity blocker for the activity- 
dependent removal of synaptic AMPARs (Brebner et al.  2005 ). 

 Cellular processes of Long-Term Depression (LTD) are known to play a critical 
role in the consolidation of spatial memory (Ge et al.  2010 ) and have a debated role 
in cerebellar learning (Mauk et al.  2000 ). In the past, this form of plasticity was not 
considered to be crucial for the consolidation of either contextual or auditory fear 
memories, and amygdala neurons were shown to exhibit decreased fi ring to a CS 
not explicitly paired to a US, pointing to a role for LTD in limiting synaptic trans-
mission in CS-pathways not correlated with the US (Collins and Pare  2000 ; Maren 
 2001 ). However in recent years, it has been suggested that LTD-like processes could 
serve as an adaptive response to reverse previously induced synaptic plasticity 
which would allow new information to be added to the same synapses through sub-
sequent LTP-like mechanisms (Massey and Bashir  2007 ). 

 Two of the canonical brain regions crucial to the processing of fear memories are 
the hippocampus and the amygdala. The role of synapse strengthening resulting from 
the synaptic insertion of GluA1 and GluA2 subunits to synapses in the amygdala and 
the hippocampus after fear learning has been well described (Rumpel et al.  2005 ; 
Whitlock et al.  2006 ; Matsuo et al.  2008 ; Zhou et al.  2009 ). However, the putative 
role of AMPAR endocytosis in the retrieval and reconsolidation of memory has only 
recently come to light. This cellular process in the hippocampus and amygdala 
appears to mirror the retrieval and reconsolidation of contextual and auditory fear 
conditioning, respectively (Clem and Huganir  2010 ; Rao-Ruiz et al.  2011 ). For this 
form of synaptic plasticity to be relevant to behavior, it is important that (1) it follows 
the temporal dynamics of retrieval and reconsolidation, (2) it does not occur in the 
absence of retrieval and (3) the manipulation of AMPAR traffi cking should disrupt 
the adaptive nature of reconsolidation to modify memory strength and content. 

2.2.1     Role of AMPAR Dynamics Post-retrieval of Memory 
in the Amygdala 

 In synapses of thalamic afferents to lateral amygdala neurons, two elegant studies 
have shown a role for AMPAR endocytosis in the retrieval of auditory fear memory. 
Both these studies showed that increased expression of AMPARs that corresponds 
to the consolidation of long-term memory is altered by the retrieval of auditory fear 
memory. Whereas the fi rst study by Clem and colleagues (Clem and Huganir  2010 ) 
focused on AMPAR dynamics that underlies behavioral manipulation during recon-
solidation, the second study by Hong and colleagues (Hong et al.  2013 ) focused on 
AMPAR plasticity underlying retrieval and reconsolidation. Taken together, these 
studies provide the fi rst evidence that AMPAR traffi cking is essential for retrieval 
and subsequent reconsolidation of fear memory in the amygdala. 

 Clem and Huganir ( 2010 ) described a role for AMPAR traffi cking during the 
consecutive consolidation and reconsolidation windows (Fig.  2.2 ). The authors 
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  Fig. 2.2    Model of synaptic mechanisms underlying the processing of fear memories in the lateral 
amygdala and hippocampus after auditory and contextual fear conditioning respectively. 
Consolidation of auditory fear memories ( upper panel ) results in a persistent increase in lateral 
amygdala (LA) synaptic strength up to 1 week after training, which is initially through GluA1- 
containing receptors (Clem and Huganir  2010 ; Hong et al.  2013 ) followed by the insertion and 
maintenance of GluA2-containing receptors at the synapse (Hong et al.  2013 ). In the hippocampus 
( lower panel ) increased spontaneous transmission and synaptic strength has been observed at 
recent time points (3 h) after fear conditioning, but not 24 h later (Zhou et al.  2009 ). No conclusive 
evidence exist of increased expression of glutamate receptors at hippocampal synapses either 1–4 
or 24 h after contextual learning. Within the LA, memory retrieval 8 days after training, induces 
the endocytosis of GluA2-containing receptors followed closely by subsequent insertion of GluA1- 
containing receptors (Hong et al.  2013 ) causing an unstable state of synaptic potentiation. These 
newly inserted GluA1-contaning receptors are gradually reverted back to GluA2-containing recep-
tors over the course of reconsolidation (Hong et al.  2013 ). In the hippocampus, memory retrieval 
24 h after training, initially results in a decrease in synaptic strength and an LTD-like state due to 
the endocytosis of GluA1, GluA2 and GluA3 receptors (Rao-Ruiz et al.  2011 ). This is followed by 
re-insertion of GluA1-containing receptors 4 h after retrieval (Rao-Ruiz et al.  2011 ). At 7 h after 
retrieval, synaptic strength is once again increased due to the insertion and maintenance of GluA2- 
containing receptors at the hippocampal synapse (Rao-Ruiz et al.  2011 ). NASPM and GluA2 3Y  are 
agents that have been used to block the activity or synaptic traffi cking of AMPA receptor subunits 
(Rao-Ruiz et al.  2011 ; Hong et al.  2013 ).  Dashed lines  represent changes that have been observed 
in some studies (Zhou et al.  2009 ; Clem and Huganir  2010 ) that vary from the changes shown in 
 bold lines  (Rao-Ruiz et al.  2011 ; Hong et al.  2013 )       
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(Clem and Huganir  2010 ) showed that the incorporation of calcium permeable 
AMPARs (CP-AMPARs) into synapses 24 h after tone-conditioning increased the 
capacity of synaptic weakening mediated by mGluR1-dependent LTD (Clem and 
Huganir  2010 ). This insertion of receptors occurred during a temporal window after 
retrieval that mirrors reconsolidation and during which fear memory can be altered 
and degraded by behavioral experience. The consolidation-specifi c incorporation 
was dependent on phosphorylation of GluA1 at S845, as GluA1 S845A mutants 
(He et al.  2009 ) did not show this CP-AMPAR surface stability (Clem and Huganir 
 2010 ). Retrieval and subsequent extinction training of the fear-associated tone, but 
not the context, normalized the level of CP-AMPARs, as well as AMPAR/NMDAR 
current ratios.

   Hong and colleagues ( 2013 ) confi rmed that for lateral amygdala synapses, just 
the retrieval of memory induces an abrupt exchange in surface expression of 
AMPARs, in which a switch in AMPAR subunits contribute to the plasticity 
observed before and after retrieval. However, they showed that rectifi cation, and 
hence the incorporation of CP-AMPARs, is increased in a short time interval (1–2 h) 
after retrieval of auditory fear memory (Fig.  2.2 ). This time-dependent aspect has 
likely been missed by the initial study of Clem and Huganir ( 2010 ) due to the extinc-
tion training given after retrieval. Despite the increase in CP-AMPARs after 
retrieval, the increase in synaptic strength, in the form of increased AMPAR/
NMDAR current ratios, was maintained over a period of a week post-conditioning 
and hence a lasting result of the consolidated memory, as shown before (Clem and 
Huganir  2010 ). Together this suggests that retrieval induces the synaptic removal of 
CI-AMPARs probably through endocytosis involving the C-terminal tail of GluA2 
(Collingridge et al.  2010 ). Furthermore, blockade of either CI-AMPAR endocyto-
sis, by use of the GluA2 3Y  peptide, or NMDA receptor activity during memory 
retrieval, precluded the exchange to CP-AMPARs and prevented memory destabili-
zation. This indicates that the transient exchange of AMPARs may underlie the 
process by which a consolidated memory is converted to a labile unstable state dur-
ing retrieval, as previously suggested for the hippocampus (Rao-Ruiz et al.  2011 ). 
Blocking the activity of CP-AMPARs immediately after retrieval disrupted recon-
solidation and altered behavior. Finally, over the course of hours after retrieval the 
newly inserted CP-AMPARs were gradually exchanged back to CI-AMPARs that 
mirrored the time-course of reconsolidation. These studies (Hong et al.  2013 ) ele-
gantly show that the endocytosis of CI-AMPARs and the transient re-insertion on 
CP-AMPARs is critical to retrieval and subsequent reconsolidation of a malleable 
memory into a more stable reconsolidated memory (Hong et al.  2013 ) (Fig.  2.2 ).  

2.2.2     Role of AMPAR Dynamics Post-retrieval of Memory 
in the Hippocampus 

 In the hippocampus, AMPAR endocytosis has been shown crucial for modulation of 
contextual fear memories, an event occurring specifi cally after recall of the memory 
(Rao-Ruiz et al.  2011 ). A short non-reinforced retrieval of contextual fear resulted 
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in a temporal wave of synaptic weakening, mediated by the removal of AMPARs 
and decreased synaptic strength (Fig.  2.2 ). More specifi cally, 1 h after retrieval of 
contextual fear a down regulation of the GluA1, GluA2 and GluA3 subunits was 
observed. These changes in receptor expression were specifi c to retrieval of contex-
tual fear with no changes observed in the (1) absence of retrieval and (2) retrieval of 
a non-aversive context memory. These changes in receptor expression were mea-
sured in synaptic membrane fractions, and were confi rmed by electrophysiological 
measurements of mEPSCs, indicating that retrieval of contextual fear results in the 
removal or endocytosis of AMPARs from hippocampal synapses. Indeed, blocking 
the regulated endocytosis of CI-AMPARs by the hippocampal infusion of GluA2 3Y  
peptide prevented the down regulation of both the GluA2 and GluA3 subunits 
(Fig.  2.2 ). This wave of synaptic weakening and GluA1 synaptic re-insertion was 
followed by increased GluA2 expression 7 h after retrieval that was dependent on 
the fi rst wave of endocytosis, and was attenuated if the fi rst wave was blocked. This 
bi-phasic wave of AMPAR traffi cking phase (Fig.  2.2 ) mirrored the period of recon-
solidation and was critical to the adaptive nature of reconsolidation to modify both 
memory strength and content (see below). Related to memory strength, blocking the 
retrieval-induced endocytosis with intrahippocampal GluA2 3Y  peptide injections 
had an immediate effect on the expression of fear memory in a second retrieval ses-
sion, without affecting initial retrieval. This exemplifi es that the reconsolidation 
process, starting with activation of the memory, could be dependent on endocytosis 
of AMPAR in the hippocampus, similar to that in the amygdala (Hong et al.  2013 ). 
Moreover, the fact that memory was strengthened upon blocking retrieval-induced 
endocytosis in the hippocampus only (Rao-Ruiz et al.  2011 ; Hong et al.  2013 ) 
adds to the idea that the hippocampus exerts a constraint on memory processes 
(Rao- Ruiz et al.  2011 ), among which those in the amygdala (Wang et al.  2009 ). 

 This form of synaptic plasticity does not seem to be limited to the reconsolida-
tion of fear memories and has been observed to play a role in expression of memory 
during retrieval in the perirhinal cortex (Cazakoff and Howland  2011 ). In the object 
recognition memory paradigm, local infusion of the GluA2 3Y  peptide did not alter 
the encoding and consolidation phases of memory, but specifi cally disrupted object 
recognition memory when administered prior to retrieval (Cazakoff and Howland 
 2011 ). This condition is different from that in the hippocampus and amygdala, in 
which pre-test injection of the GluA2 3Y  peptide did not alter expression of the fi rst 
retrieval (Rao-Ruiz et al.  2011 ; Hong et al.  2013 ). 

 Thus, although mediated by different subunits, retrieval of fear memory in the 
amygdala (Clem and Huganir  2010 ; Hong et al.  2013 ) and hippocampus (Rao-Ruiz 
et al.  2011 ) appears to cause the endocytosis of AMPARs and subsequent synaptic 
weakening (Fig.  2.2 ). In other brain areas AMPAR traffi cking might be a conse-
quence of a consolidated memory, as blocking endocytosis in the perirhinal cortex 
affected the fi rst retrieval of memory (Cazakoff and Howland  2011 ). The endocyto-
sis of receptors is normally followed by the reinsertion of AMPARs into the affected 
synapse (Rao-Ruiz et al.  2011 ; Hong et al.  2013 ). This form of AMPAR plasticity 
mirrors the time course of retrieval, memory destabilization and subsequent restabi-
lization. Furthermore, this endocytosis is critical to post-retrieval maintenance of 
both memory strength and content. Taken together, AMPAR endocytosis appears to 
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be a novel synaptic process by which a memory can be destabilized by retrieval and 
permanently manipulated with the addition of new information during subsequent 
reconsolidation.   

2.3      The Adaptive Nature of Reconsolidation and the Role 
of AMPAR Traffi cking 

 Reconsolidation is a time-dependent dynamic process that is not solely a replay of 
consolidation processes, but must have its own functional implications (Tronson 
and Taylor  2007 ). The adaptive nature of reconsolidation can be explained by the 
possibility to update memory  strength  and  content  (Lee  2008 ,  2009 ,  2010 ). Both 
fear memories (Nader and Hardt  2009 ) and drug-related memories (Sorg  2012 ) can 
undergo destabilization and require restabilization for maintenance during recon-
solidation, which makes this an intriguing process to study from a therapeutic 
perspective. 

 With respect to modifi cation of memory  strength  in reconsolidation, the most 
widely known example is loss of fear response (amnesia) due to intervention with 
protein synthesis inhibitor (PSI) (Debiec et al.  2002 ). However, the opposite has 
been shown as well; re-exposure to the conditioning context prevents the decrease 
in fear responses by ‘forgetting’ (Rohrbaugh and Riccio  1970 ; Gordon and Spear 
 1973 ). Therefore, it has been suggested that brief recall and hence reactivation of 
the memory could gradually increase memory stability, thereby maintaining its rel-
evance. This natural process has been mimicked with applications of activators of 
PKA (Tronson et al.  2006 ) and NMDARs (Lee et al.  2006 ) prior to or immediately 
after a short retrieval, as this resulted in an enhanced memory that was persistent 
over time. Enhancement of memory strength by reconsolidation gives credence to 
the hypothesis of reconsolidation as a storage process (Tronson and Taylor  2007 ), 
in which memories could be strengthened or weakened depending on the cellular 
process that is interfered with. Therefore, the increase in memory strength after 
blocking AMPAR-endocytosis in the hippocampus indicates that this form of syn-
aptic plasticity is part of the reconsolidation process that has a role in constraining 
memory strengthening (Rao-Ruiz et al.  2011 ). Reconsolidation of contextual fear 
memories engages both the hippocampus and amygdala (Mamiya et al.  2009 ). 
However, it has been found that for strong auditory fear memories, reconsolidation 
in the amygdala only takes place for remote memories, i.e., 28 days after training 
(Wang et al.  2009 ). Hence, it may be speculated that the hippocampus plays a gating 
role in the adaptive nature of reconsolidation in maintaining memory relevance. 

 With respect to modifi cation of memory  content  in reconsolidation, it has been 
shown that complementary, additional information present during a retrieval trial, 
such as incorporation of a foot-shock can be incorporated into the malleable 
memory trace during reconsolidation (Monfi ls et al.  2009 ; Lee  2010 ), the para-
digm of which is referred to as reconsolidation update, or post-retrieval extinction 
learning (Fig.  2.3 ).

P. Rao-Ruiz et al.



31

2.3.1       Role of AMPAR Dynamics in Post-retrieval Extinction 
in Amygdala 

 In 2009, Monfi ls et al. ( 2009 ) for the fi rst time showed that extinction training, 
the repetitive exposure to the CS that results in a blunted response to the CS, after 
retrieval during the reconsolidation window prevents the return of conditioned fear 
in rats. Over the last years, extinction training has been studied extensively in the 
attempt to develop therapies to suppress fear memory (reviewed by Maren et al. 
( 2013 )). The major limitation of this approach is that instead of updating the origi-
nal memory trace, extinction training merely induces the formation of a neutral 
memory that suppresses the expression of fear. Eventually the balance between 
these separate memories may switch by passage of time (spontaneous recovery), 
presentation of the unconditioned stimulus (reinstatement) or changes of context 
(renewal), resulting in return of expression of the memory. However, combining 
reconsolidation and extinction by introducing the extinction training after activa-
tion of the memory, i.e. during the 6 h reconsolidation window, changes the content 
of a fear memory, altering fear responses on the long term (Monfi ls et al.  2009 ) 
(Fig.  2.3 ). 

  Fig. 2.3    Post-retrieval extinction therapy (reconsolidation update) of a contextual fear memory 
permanently suppresses its expression in the long-term. ( a ) Prolonged exposure to the CS (context) 
in the form of a long retrieval session results in the formation of a new extinction memory that 
results in a decrease in fear responding as observed both during the extinction session as well as in 
a long-term extinction memory test (Ext-LTM) 24 h later. However, since extinction results in the 
formation of a new inhibitory memory rather than erasing the original fear memory, uncovering 
mechanisms, such as the passive passage of time, result in the spontaneous recovery (SR) of fear 
and its expression ( taupe ). ( b ) An extinction session given after retrieval  during  the period of 
memory lability has been shown to permanently suppress the expression of fear and no spontane-
ous recovery is observed with the passage of time ( blue ). ( c ) If this post-retrieval extinction session 
is given  after  the memory is reconsolidated, then a normal extinction memory is formed, which is 
expressed during an extinction long-term memory test, but not with the passage of time ( taupe ) 
(Color fi gure online)       
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 This phenomenon is of particular interest for therapeutic purposes, and this form 
of behavior therapy has also been used in humans, with a loss of fear response for 
up to 1 year (Schiller et al.  2010 ) (see Sect.  2.4 ). At the cellular level in the lateral 
amygdala, traffi cking of calcium-permeable AMPARs is thought to underlie this 
process of post-retrieval extinction training or reconsolidation update therapy 
(Clem and Huganir  2010 ). 

 Clem and Huganir ( 2010 ) hypothesized that the reversal of fear-dependent synap-
tic potentiation of CP-AMPARs observed during initial consolidation could underlie 
reconsolidation update therapy (Monfi ls et al.  2009 ), which in turn would suppress 
the fear memory. In line with this, extinction therapy (twice 30 min of only CS pre-
sentation) immediately after, but not 6 h after retrieval, resulted in a long- lasting 
erasure of fear and a reversal of fear-mediated synaptic strengthening. Furthermore, 
due to prior removal of CP-AMPARs, additional synaptic depression was occluded 
in these animals in comparison with their controls (Clem and Huganir  2010 ). 

 With respect to a possible mechanism (Fig.  2.3 ), Monfi ls et al. ( 2009 ) found an 
increase in GluA1 phosphorylation at S845 both 3 min and 1 h after retrieval in the 
lateral amygdala. A second retrieval session 1 h, but not 3 min after the fi rst retrieval 
session induced S845 GluA1-dephosphorylation. Given the fact that a second 
retrieval session within the reconsolidation window changes the phosphorylation 
state of the GluA1 subunit in the amygdala, this could well correspond with the 
observed differences in membrane expression of CP-AMPARs after retrieval only 
(Hong et al.  2013 ), or after post-retrieval extinction training (Clem and Huganir 
 2010 ) in the amygdala. The importance of this phosphorylation was shown by Clem 
and Huganir ( 2010 ), who demonstrated that animals with a substitution of the 
GluA1 phosphorylation site at S845 did not show this erasure of fear (Clem and 
Huganir  2010 ). The authors (Clem and Huganir  2010 ) thus concluded that behav-
ioral manipulation could disrupt previously established fear by the induction of 
mGluR1-dependent LTD by CP-AMPAR traffi cking, that reverses synaptic poten-
tiation (Clem and Huganir  2010 ). 

 Retrieval-induced AMPAR traffi cking in the hippocampus underlies memory 
strength (Rao-Ruiz et al.  2011 ), and a similar process occurs in amygdala, albeit at 
a different pace (Fig.  2.2 ). The question is whether this plasticity is also required for 
modifi cation of memory  content  in reconsolidation of primarily hippocampus- 
dependent memories, i.e. in which the foreground stimulus is the context.  

2.3.2     Role of AMPAR Dynamics in Post-retrieval Extinction 
in Hippocampus 

 Using a contextual fear conditioning paradigm, Rao-Ruiz et al. ( 2011 ) were able to 
show the applicability of post-retrieval extinction to suppress memories that would 
otherwise emerge by spontaneous recovery. In the hippocampus, a similar time- 
dependency of post-retrieval extinction seems to play a role as in the amygdala. 
Extinction training within (after 2 h), but not outside (after 24 h), the 
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reconsolidation window prevented spontaneous recovery measured 2 weeks later 
(Rao-Ruiz et al.  2011 ). 

 Furthermore, the authors showed that blocking retrieval-induced endocytosis by 
hippocampal injection of the GluA2 3Y  peptide in the post-retrieval extinction para-
digm resulted in re-emerge of fear (Rao-Ruiz et al.  2011 ). In light of the recent 
observation that the transient exchange of AMPARs in the amygdala may underlie 
the conversion to a unstable state during retrieval (Hong et al.  2013 ), these data 
indicate that the blockade of CI-AMPAR traffi cking resembled a situation as if the 
retrieval session was never given. The effect of post-retrieval extinction on the per-
sistence of contextual fear memory has been confi rmed by Flavell et al. in rats 
(Flavell et al.  2011 ). Moreover, administration of a L-type voltage gated calcium 
channel blocker, which prevents destabilization of fear memories, after retrieval of 
the memory prevented the effect of the post-retrieval extinction (Flavell et al.  2011 ). 
Furthermore, this study showed that the process initiated by post-retrieval extinction 
has an amnesic effect. Animals that received post-retrieval extinction were unable 
to re-acquire a contextual memory for a weak stimulus, unlike rats that only received 
extinction training. 

 At this stage, the parallels between the hippocampus and the amygdala in the 
possible retrieval-induced switch in subunit expression, i.e., the replacement of 
CI-AMPAR by CP-AMPARs, is mainly given by the detailed temporal analysis of 
synaptic membrane fractions (Rao-Ruiz et al.  2011 ). In the hippocampus, at 4 h 
after retrieval, the initial downregulation of all GluA-subunits was perpetuated by 
decreased expression of the GluA2 and GluA3 subunits of the AMPARs, but not 
GluA1 (Rao-Ruiz et al.  2011 ). Based on this, one might speculate that GluA1 is re- 
inserted into the synapse at a much shorter time-window than GluA2, i.e. at 2 h 
post-retrieval, thereby causing only a transient increase in the presence of 
CP-AMPARs between 2 and 6 h after retrieval in the hippocampus. 

 Taken together, the amygdala and hippocampus share retrieval-induced traffi ck-
ing mechanisms, although these differ in the participation of the type of GluA 
subunits, as well as their temporal pattern. Hence, it is highly likely that even in 
other brain areas, such as prefrontal or anterior cingulate cortex, both retrieval, and 
post- retrieval extinction, makes use of similar mechanisms. These studies in amyg-
dala and hippocampus demonstrate that the molecular basis of reconsolidation can 
be detected and molecularly analyzed, which opens the possibility to study this pro-
cess, as well as its boundary conditions, in the context of other associative memories 
and in other brain areas.   

2.4       The Adaptive Nature of Reconsolidation: Generality 
and Boundary Conditions 

 In 2010, Schiller et al. ( 2010 ) introduced the concept of reconsolidation-update, 
i.e. post-retrieval extinction, in human studies in a laboratory setting using visual 
discrimination fear conditioning. This study formed a proof of principal for the 
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translational value of reconsolidation update therapy as memory interference strategy 
in humans. Very recently, the approach to extinguish conditioned fear memory using 
this form of behavioral therapy was taken further in an elegant study by Xue et al. 
( 2012 ), which showed that this type of therapy was also effective for other associa-
tive learning-based psychiatric diseases, i.e. addiction memories. Despite the gener-
ality of post-retrieval extinction and its underlying mechanism in the form of AMPAR 
plasticity there seem to be boundary conditions for it to become effective. 

2.4.1     Generality in Post-retrieval Extinction: 
From Mice to Men 

 The translation of the reconsolidation-update paradigm from rodents (Monfi ls et al. 
 2009 ) to man (Schiller et al.  2010 ) showed a similar time-dependency for extinction 
training within the boundaries of the reconsolidation time-frame. Subjects under-
went visual discrimination fear conditioning, followed by post-retrieval extinction 
with a 10 min or 6 h interval (Schiller et al.  2010 ). Only the fi rst group exhibited 
extinction of the memory and prevention of spontaneous recovery up to 1 year after 
training, as measured by skin conductance response. In addition, this blockade of 
memory was specifi c for the retrieved conditioned stimulus and could not be gener-
alized to other fear memories. The fi nding that reconsolidation-update can suppress 
reinforcement of conditioned fear by US presentation has been confi rmed in a dif-
ferent study (Oyarzun et al.  2012 ) using auditory fear conditioning. 

 To underscore the therapeutic relevance of post-retrieval extinction, Xue et al. 
( 2012 ) employed this approach in drug-related memories using a similar approach 
and experimental set-up for both operant heroin and cocaine self-administration in 
rats and human heroin addicts in a clinical setting. In humans, a short retrieval of 
drug-associated cues before extinction training increased the effectiveness of extinc-
tion when given 10 min, but not 6 h, before the extinction session. Cue-induced 
craving and blood pressure were decreased during retrieval sessions at 1 day, 30 and 
180 days after reconsolidation update. A similar time-frame of post-retrieval extinc-
tion training was found for drug-primed reinstatement and spontaneous recovery 
using contingent (operant self-administration) and non-contingent (place prefer-
ence test) heroin conditioning. Hereby, the authors demonstrated that extinction of 
drug craving and relapse can benefi t from the post-retrieval extinction mechanisms, 
using the malleable state of the memory after its activation (Fig.  2.3 ). 

 Due to the generalization of post-retrieval extinction therapy across species and 
across different forms of memory, this approach has proven itself as a robust method 
to disrupt fearful or drug-related memories. On the other hand, reproducibility in 
several laboratories has proven to be diffi cult (Chan et al.  2010 ; Flavell et al.  2011 ; 
Soeter and Kindt  2011 ; Ma et al.  2012 ; Kindt and Soeter  2013 ). These discrepancies 
shed light on the boundary conditions that constrain this form of therapy, but also 
allow us to speculate on the molecular pathway, namely the role of AMPAR- mediated 
plasticity, underlying these conditions (Auber et al.  2013 ).  
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2.4.2     Boundary Conditions in Post-retrieval Extinction 

 Recently, several attempts to prevent the return of fear in rodents (Chan et al.  2010 ; 
Costanzi et al.  2011 ; Flavell et al.  2011 ) and humans (Soeter and Kindt  2011 ; Warren 
et al.  2014 ) by post-retrieval extinction have failed. Chan et al. (Chan et al.  2010 ) 
showed the capability of preventing spontaneous recovery but not reinstatement of 
fear. In contrast, others demonstrated the inability to prevent spontaneous recovery of 
fear-potentiated startle after extinction, but not reinstatement of memory expression 
as a result of reinforcement by presentation of the US (Warren et al.  2014 ). 
Methodological issues concerning conditioning, extinction, and read-out of extinc-
tion have emphasized the limitations of the post-retrieval extinction paradigm as a 
therapeutic strategy. Further insight into the boundary conditions and the molecular 
mechanisms of reconsolidation might explain the restrictions and possibilities. 

 Ma et al. ( 2012 ) investigated the effect of reconsolidation update on return of 
drug-related memories using CPP for morphine in rats. Surprisingly, the timing of 
the reconsolidation update did either support or suppress the extinction. Whereas a 
10-min retrieval-extinction interval inhibited spontaneous recovery and initial rein-
statement of the drug memory, a 3-h interval fully prevented extinction to take 
place. This is in contrast with the idea that the active phase during which the mem-
ory is prone to modifi cation lasts for 6 h. For fear-related memories the effective 
interval between retrieval and extinction ranges between 10 min and 2 h (Monfi ls 
et al.  2009 ; Clem and Huganir  2010 ; Rao-Ruiz et al.  2011 ; Warren et al.  2014 ). The 
initial retrieval induced retraction of GluA2-containing receptors in the amygdala is 
restored after 3 h (Hong et al.  2013 ), and the retraction of receptors in the hippocam-
pus is partially restored, with only GluA2 and GluA3 being downregulated at 4 h 
(Rao-Ruiz et al.  2011 ). Albeit addictive and fear associations requiring a different 
retrieval-extinction interval, the temporal pattern of amygdalar and hippocampal 
GluA-regulation in retrieval of fear memory could impede successful suppression 
of fear. 

 So far, studies that have successfully disrupted memory in fact suppress the return 
of expression of a single memory trace. Disorders such as PTSD evolve from strong 
memories that are complex in nature and involve symptoms like sleep disturbance, 
general anxiety and emotional numbing (Quirk et al.  2010 ). Moreover,  traumatic 
memories are oftentimes not readily amenable to immediate treatments (Kearns et al. 
 2012 ), and it is known that remote memories differ from recent memories in terms of 
reconsolidation (Frankland et al.  2006 ; Wichert et al.  2011 ). Thus, the observation 
that some studies cannot replicate permanent suppression of memory might be attrib-
uted to an insuffi cient retrieval-induced destabilization of the memory. This could be 
either due to the structure, i.e., the time or mismatch of expectancy of the retrieval 
session (Sevenster et al.  2012 ; Warren et al.  2014 ) or by the fi nding that stronger fear 
memories are particularly resistant to undergo reconsolidation (Wang et al.  2009 ). 
Whereas Soeter and Kindt ( 2011 ) used fearful pictures as CS in their paradigm, 
Oyarzun et al. ( 2012 ) used neutral stimuli as reminders. This could have affected 
the initial consolidation phase, thereby rendering the memory less amenable to 
reconsolidation. Warren (Warren et al.  2014 ) has proposed that the use of on-line 
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expectancy ratings requires a cortical representation of the CS-US association. 
This could elicit a stronger representation of the memory trace in the lateral amyg-
dala, which has been suggested to mediate the reconsolidation dependent update of 
fear memory (Monfi ls et al.  2009 ). Furthermore, the addition of loud tones (104 dB) 
during CS presentation (Soeter and Kindt  2011 ; Kindt and Soeter  2013 ) might have 
been perceived as stressful stimuli and thereby could alter consolidation (Leaton and 
Cranney  1990 ) or reconsolidation processes (Coccoz et al.  2011 ). 

 In addition, it has been observed that for  remote  memories, retrieval followed by 
extinction did not prevent the return of fear in a contextual fear paradigm in mice 
(Siegmund and Wotjak  2007 ; Costanzi et al.  2011 ), nor the rewarding memory of 
morphine in rats (Ma et al.). Memories are increasingly stable over time, and less 
prone to disruption by pharmacological intervention during reconsolidation 
(Frankland et al.  2006 ). The age of fear memories might therefore restrict the use of 
reconsolidation update for behavioral intervention. Recently, a study by Gräff et al. 
( 2014 ) showed that epigenetic mechanisms could contribute to this resistance. The 
authors compared epigenetic manipulation of gene expression by acetylation of his-
tone proteins in recent and remote memories. They found that controlling levels of 
HDAC2 S-nitrosylation is crucial to restore the susceptibility of remote memories 
for post-retrieval extinction therapy. Besides showing an essential contribution of 
epigenetic mechanisms in remote memories, their study revealed possible plasticity 
routes involved in the suppression of fear memory expression. Gräff et al. ( 2014 ) 
showed convincing evidence for S-nitrosylation of HDAC2. However S-nitrosylation 
is an important factor in the regulation of AMPAR traffi cking by affecting GluA2 
via S-nitrosylation of NSF (Huang et al.  2005 ), or affecting directly GluA1 channel 
conductance and endocytosis (Selvakumar et al.  2013 ). Thus, inhibition of 
S-Nitrosylation by  l -NAME, which prevented suppression of recent memory, could 
have affected traffi cking of GluA1 and GluA2. Thereby the normal retrieval-induced 
plasticity in hippocampus and amygdala might have been disturbed. 

 Taken together, it is clear that therapies that use post-retrieval extinction have the 
potential of being benefi cial in suppressing unwanted associative memories that occur 
in diseases where maladaptive memories are formed, such as PTSD or addiction. 
However since boundary conditions exist for these kind of therapies at both the pre-
clinical and clinical level for which the molecular underpinnings are not completely 
understood, there is still a way to go until this method can be applied as a successful 
therapy in patients. As AMPAR traffi cking and its related plasticity in amygdala and 
hippocampus underlie the reconsolidation process (Monfi ls et al.  2009 ; Clem and 
Huganir  2010 ; Rao-Ruiz et al.  2011 ; Hong et al.  2013 ) of fear memories, a number of 
open questions relate to the identity of interacting neuronal molecules involved in 
retrieval-induced AMPAR plasticity, as well as how impairments in AMPAR traffi ck-
ing contribute to maladaptive processing of memories. Despite a wealth of informa-
tion on molecules and pathways possibly involved in extinction and reconsolidation 
(Flavell et al.  2013 ), little has been done to delineate the processes of post-retrieval 
extinction therapy. Therefore, future studies should focus on disentangling the molec-
ular cascade that leads to successful repression of associative memories to overcome 
the current boundaries in post-retrieval extinction.      
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    Chapter 3   
 CaMKII: A Master Functional and Structural 
Molecule in Synaptic Plasticity and Memory                     

       Magdalena     Sanhueza      and     German     Fernandez     

    Abstract     Learning and memory relies, at least in part, on activity-dependent 
synaptic plasticity. A major plasticity model at glutamatergic synapses is NMDA- 
receptor (NMDAR)-dependent long-term potentiation (LTP). Ca 2+ /calmodulin 
(CaM)-dependent kinase II (CaMKII) is critical for LTP and several forms of learn-
ing. It is a major component of post-synaptic densities and dendritic spines. Kinase 
interactions with key proteins in these specializations are differentially modulated 
by activity and dynamically regulate holoenzyme activity. During LTP CaMKII is 
activated, autophosphorylated and persistently translocated to synapses through 
NMDAR binding. Pharmacological or genetic interference with these processes 
impair LTP and learning. CaMKII may cause potentiation by synaptic recruitment 
of AMPA-type receptors (AMPARs) through regulation of receptor binding to 
scaffolding proteins. Additionally, CaMKII-dependent phosphorylation increases 
AMPAR conductance. Interestingly, CaMKII is also involved in metaplasticity, as it 
can regulate the sign of synaptic modifi cation (potentiation or depression). The 
advent of high-resolution optical techniques has allowed inspection of CaMKII 
localization and activity in spine microdomains, providing new insights on holoen-
zyme multifaceted involvement in activity-dependent functional and structural 
changes. Finally, evidence suggests a role of CaMKII interaction with NMDARs in 
the maintenance of synaptic strength and spine stability. Thus, CaMKII emerges as 
a critical and complex controller of synaptic function and information storage, play-
ing both enzymatic and structural roles.  
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3.1         CaMKII Structure, Activity and Regulation 

 CaMKII is a serine/threonine kinase consisting of 12 subunits assembled in a double 
hexameric ring structure (Fig.  3.1 ). The dodecameric enzyme may contain combi-
nations of four different subunit isoforms (CaMKIIα-δ; reviewed in Lisman et al. 
 2002 ; Shonesy et al.  2014 ) each displaying catalytic activity. In the brain the most 
abundant isoforms are α (54 kDa) and β (60 kDa), present in a 3:1 ratio in hetero-
meric holoenzymes in the forebrain. Each subunit can be individually activated by 
Ca 2+ /CaM, resulting in a graded total holoenzyme enzymatic activity. Moreover, the 
activity of each subunit is subject to various modulation processes, including intra- 
and inter-subunit phosphorylation reactions and interactions with other proteins. 
This results in an exquisite and dynamical spatiotemporal regulation of the enzyme, 
that depends on the properties of Ca 2+  signals as well as kinase subcellular 
localization.

   Each CaMKII subunit has a catalytic domain, a regulatory domain and an asso-
ciation or hub domain that allows binding among subunits, the last two domains are 
connected by a variable linker region (Figs.  3.1  and  3.2 ). In basal conditions the 
autoinhibitory segment of the regulatory domain occludes the substrate-binding site 
(S site) in the catalytic domain, inhibiting kinase enzymatic activity. When the Ca 2+  
concentration rises, binding of Ca 2+ /CaM to the regulatory segment removes autoin-
hibition, allowing substrate access to the active site (Fig.  3.2 ). Opening of this gate 

  Fig. 3.1    CaMKII holoenzyme structure and activation. ( a ) Schematic representation of αCaMKII 
and βCaMKII primary structure, illustrating the positions of catalytic, regulatory, linker and asso-
ciation domains, as well as the Ca 2+ /CaM binding region. ( b ) Model of a lateral view of CaMKII 
holoenzyme in rest conditions. ( c ) Holoenzyme with a αCaMKII subunit activated by Ca 2+ /CaM 
binding. Schemes here and in Fig.  3.2  are illustrative diagrams built from the structures published 
in the RCSB Protein Data Bank web site, using UCSF Chimera 10.1       
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also exposes the threonine residue T286 in the regulatory domain of αCaMKII 
(T287 in βCaMKII) that was basally attached to a region of the catalytic domain 
known as the T-site. Exposed T286/7 can be phosphorylated by an adjacent active 
subunit preventing complete gate closing and full inactivation after Ca 2+ /CaM release. 
Therefore, trans-subunit autophosphorylation endows CaMKII with autonomous 
activity that persists after Ca 2+  has reached basal levels and lasts until the residue is 
dephosphorylated by phosphatases, thus acting as a Ca 2+ -triggered molecular switch 
(Lisman  1985 ; Miller and Kennedy  1986 ; Lisman and Goldring  1988 ).

   Ca 2+ -dependent activation of CaMKII holoenzyme and trans-subunit autophos-
phorylation are highly cooperative processes (Chao et al.  2010 ). Moreover, T286 
phosphorylation of a subunit dramatically decreases the Ca 2+ /CaM dissociation 
rate (~10,000-fold) thus promoting its trapping (Meyer et al.  1992 ; Waxham et al. 
 1998 ). The consequence of these regulations is the temporal extension of holoen-
zyme activity. Interestingly, the high effective concentration of CaMKII subunits 
in specializations as the postsynaptic density (PSD) implicates that holoenzyme 
autophosphorylation can reduce availability of the highly regulated plasticity-
related molecule CaM for other interactions. It should be noted, however, that a 
fully phosphorylated holoenzyme displays an autonomous activity that varies 
between 20 and 80 % of the maximal Ca 2+ -dependent activity and it can be further 

  Fig. 3.2    αCaMKII subunit in their different conformations. ( a ) Schematic of a αCaMKII subunit 
in close conformation highlighting the different domains colored as shown in the  inset. Inset , 
subunit primary structure with detail of the regulatory and linker domains indicating the positions 
of T286 in the autoinhibitory segment and T306/306 in the Ca 2+ /CaM binding segment. ( b ) Open 
conformation induced by Ca 2+ /CaM binding. ( c ) After T286 phosphorylation by a neighboring 
activated subunit (not shown). ( d ) “Autonomous” subunit after dissociation of Ca 2+ /CaM. 
( e ) Inhibitory autophosphorylation at 305. Phosphorylated residues in  d  and  e  are shown in  red  
(Color fi gure online)       
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activated by  Ca 2+ /CaM (Coultrap et al.  2010 ). Interestingly, this percentage is 
substrate-dependent, with autonomy reaching higher values (~65 %) for T286 phos-
phorylation of neighboring subunits. Therefore trans-subunit autophosphorylation 
can render CaMKII partially independent of Ca 2+ , thus prolonging the kinase active 
state. This property has key consequences on synaptic plasticity. 

 Due to autonomous activity, CaMKII can act as a frequency decoder of Ca 2+  
oscillations, as demonstrated both in vitro as in single spines of living neurons (Fujii 
et al.  2013 ; De Koninck and Schulman  1998 ). At constant ATP concentration holo-
enzyme activity depends, in a graded way, not only on the magnitude but also on the 
frequency of the Ca 2+  spikes. This is because repetitive Ca 2+  spikes allow an increas-
ing number of CaMKII subunits to become phosphorylated over time in a coopera-
tive way: an autonomous subunit can phosphorylate an adjacent active subunit 
without the need of binding Ca 2+ /CaM. Autonomous CaMKII activity increases 
exponentially with the frequency of Ca 2+  fl uctuations and is modulated by the mag-
nitude and duration of Ca 2+  transients, CaM availability and phosphatase activity. 

 CaMKII enzymatic activity can also be regulated by a secondary autophosphory-
lation process: after Ca 2+ /CaM dissociates from a T286-phosphorylated subunit, this 
subunit can undergo autophosphorylation at the residues T305 and T306 in the Ca 2+ /
CaM binding segment (Fig.  3.2 ). The phosphorylation of either of these sites is suf-
fi cient to block Ca 2+ /CaM association and thus Ca 2+ -dependent activation, this reac-
tion is therefore referred to as inhibitory autophosphorylation (Hanson and 
Schulman  1992 ). Even so, CaMKII autonomous activity is preserved until T286 
becomes dephosphorylated. Secondary T305/T306 autophosphorylation takes place 
at ~100-fold slower rate than the T286/7 reaction, as it requires previous Ca 2+ /CaM 
dissociation. In contrast to inter-subunit phosphorylation at T286, T305/306 phos-
phorylation can occur in basal Ca 2+  conditions in an intra-subunit manner and can 
render the kinase insensitive to Ca 2+  until these residues are dephosphorylated by 
protein phosphatases (Mukherji and Soderling  1994 ; Shonesy et al.  2014 ). This 
internal regulatory property of CaMKII has also important consequences on kinase 
activity and localization, with implications on synaptic plasticity and memory. 

 As autophosphorylation of T286 and T305/306 residues critically modulates 
CaMKII properties, the availability of protein phosphatases at different kinase local-
izations, as well as their possible differential accessibility to the phosphorylation 
sites, will be crucial for holoenzyme regulation. At the cytoplasm CaMKII is mostly 
dephosphorylated by protein phosphatase 2A (PP2A), while at the PSD it is a 
substrate of phosphatase 1 (PP1) (Strack et al.  1997 ). 

 Finally, CaMKII activity can also be regulated by its interaction with other proteins. 
In consequence, at different subcellular domains kinase function will critically 
depend on the availability of specifi c binding partners. A particularly relevant case 
is the binding of αCaMKII to the cytoplasmic carboxy-terminus of the NMDAR 
subunit GluN2B. This interaction occurs at the kinase T-site and thus requires 
CaMKII to be in an open conformation attained by Ca 2+ -dependent kinase activa-
tion or T286 phosphorylation. Binding prevents subunit inactivation after the Ca 2+  
concentration returns to basal levels (Bayer and Schulman  2001 ; Leonard et al. 
 1999 ). Therefore, CaMKII binding of GluN2B constitutes an additional mechanism 
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to generate constitutive enzymatic activity. As T286 phosphorylation, αCaMKII- 
GluN2B binding also promotes Ca 2+ /CaM trapping, but in contrast to T286 phos-
phorylation, it suppresses the inhibitory phosphorylation of T305/T306 even in the 
absence of CaM (Bayer et al.  2001 ). This form of autonomy does not by itself lead 
to T286 autophosphorylation because Ca 2+ /CaM binding is required for full exposi-
tion of this residue, but it can facilitate Ca 2+ -dependent T286 autophosphorylation 
as now binding of a single Ca 2+ /CaM complex to a neighboring subunit is required. 
These properties, together with the increased affi nity for Ca 2+ /CaM, make the 
GluN2B-bound kinase pool particularly sensitive to Ca 2+  stimulation, and T286 
autophosphorylation can thus occur in suboptimal Ca 2+  conditions. On the other 
hand, αCaMKII-GluN2B binding is strengthened by T286 phosphorylation (Bayer 
et al.  2001 ). Overall, this evidence indicates that CaMKII binding to NMDAR and 
T286 autophosphorylation can work synergistically in ruling holoenzyme activity 
and localization. Most of this evidence proceeds from in vitro studies, but consistent 
results in living cells will be discussed later. 

 The complex regulation of CaMKII is under intense investigation as it is considered 
critical for synaptic plasticity and memory.  

3.2     NMDA Receptor-Dependent Synaptic Plasticity 
and Memory 

 Short trains of high-frequency presynaptic stimulation (~100 Hz) and other proto-
cols causing coincident pre and postsynaptic fi ring within a narrow time window 
and in a proper sequence, trigger a long-term potentiation (LTP) of glutamatergic 
transmission by activation of NMDA receptors (NMDAR) and Ca 2+  infl ux to the 
stimulated dendritic spines (Nicoll and Roche  2013 ). LTP can be induced in differ-
ent brain regions and constitutes a main model of long-lasting synaptic plasticity. 
While NMDARs do not participate in all forms of LTP in the mammalian brain 
(Nicoll and Malenka  1995 ), we will here mainly discuss NMDAR-dependent poten-
tiation, with emphasis on CA1-hippocampal LTP. On the other hand, NMDAR- 
dependent long-term depression and other forms of persistent synaptic depression 
(LTD; Huang  2009 ) are also widespread brain phenomena that can be triggered by 
low frequency (~1 Hz) stimulation. Both forms of synaptic plasticity may contribute 
to memory. Pharmacological or genetic blockade of NMDAR or disruption of 
downstream signal transduction pathways impair different forms of learning 
(Anderson et al.  2007 ). NMDAR-dependent LTP-like processes are induced during 
spatial learning or novel sensory experience in the hippocampus and cortex, respec-
tively, and in the amygdala during fear conditioning (Whitlock et al.  2006 ; Takahashi 
et al.  2003 ; Rumpel et al.  2005 ). Remarkably, recent work shows that LTD-inducing 
stimulation can inactivate a previously generated associative fear memory depend-
ing on the amygdala, and an LTP-inducing stimulus can reactivate this memory 
(Nabavi et al.  2014 ). Therefore, NMDAR-dependent LTP and LTD are considered 
key cellular mechanisms for memory formation and modifi cation in the brain. 
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 NMDARs are coincidence detectors of pre and postsynaptic activity, as they only 
conduce if glutamate is released from presynaptic terminals and the postsynaptic 
cell is concurrently depolarized to allow removal of basal Mg 2+  blockade. Ca 2+  entry 
through NMDARs can trigger multiple signaling cascades depending on the magni-
tude, duration and localization of the Ca 2+  signals. LTP induction relies on the acti-
vation of different kinases, with a central role of CaMKII (Lisman et al.  2012 ; 
Nicoll and Roche  2013 ). In turn, LTD has been mainly associated to dephosphoryla-
tion processes triggered by the activation of protein phosphatases instead of kinases 
(Malenka and Bear  2004 ; but see Coultrap et al.  2014 ). These different signaling 
pathways have opposite effects on the enrichment and function of synaptic AMPARs, 
leading to an enhancement or decrease in synaptic strength, respectively. NMDAR 
requirement of coincident activity, together with postsynaptic signaling compart-
mentalization in individual spines, allow LTP and LTD to be synapse-specifi c, 
following a Hebbian rule (Hebb  1949 ). 

 Functional synaptic plasticity is accompanied by structural changes in dendritic 
spines, typically modifi cations in size and morphology that can be induced at the 
single-synapse level. LTP is associated with a persistent increase in spine size and the 
stabilization of nascent spines (Hill and Zito  2013 ; Matsuzaki et al.  2004 ). In turn, 
LTD induction is thought to cause spine shrinkage (Zhou et al.  2004 ). Structural 
changes during synaptic plasticity may contribute to memory formation and storage 
(Segal  2005 ). The involvement of CaMKII as a key enzyme in LTP and associated 
structural changes is clearly established and will be described here in detail.  

3.3     CaMKII Pivotal Role in NMDAR-Dependent LTP 
and Different Forms of Learning 

 While tens of molecules have been reported to participate in LTP, just a few of them 
are really essential and the vast majority just modulates this form of plasticity 
(Nicoll and Roche  2013 ). Two of the key proteins implicated in NMDAR-dependent 
LTP are the NMDAR itself and CaMKII. 

3.3.1     CaMKII Activation Is Necessary and Suffi cient to Induce 
Synaptic Potentiation and Contributes to Learning 

 During LTP induction Ca 2+  entry through NMDARs induces CaMKII activation and 
trans-subunit autophosphorylation at T286/7 (Fukunaga et al.  1993 ,  1995 ). CaMKII 
activity and T286/7 autophosphorylation rendering the kinase partially autonomous 
are essential for LTP induction, as if these processes are blocked by pharmacologi-
cal or genetic means, LTP is prevented or strongly impaired (Lisman et al.  2002 ; 
Nicoll and Roche  2013 ). Seminal work by Silva and coworkers revealed that mutant 
mice that do not express the major CaMKII isoform αCaMKII have defi cient LTP 
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and impaired spatial learning, (Silva et al.  1992a ,  b ). Residual LTP and learning 
capacity in knock-in (KI) mice likely relay on a compensatory translocation of the 
βCaMKII isoform into the PSD (Elgersma et al.  2002 ). Moreover, in transgenic 
mice expressing a non-phosphorylatable T286 site mutation (T286A) and thus 
lacking autophosphorylation-induced autonomous activity, LTP is absent and one-
trial spatial learning is severely impaired (Giese et al.  1998 ). In line with these 
results, intracellular application of a CaMKII inhibitor blocks LTP induction 
(Malinow et al.  1989 ). Finally, in KI mice expressing a kinase-dead mutant form 
(K42R) of αCaMKII that can bind Ca 2+ /CaM but does not display catalytic activity, 
LTP is absent and inhibitory avoidance learning is strongly impaired (Yamagata 
et al.  2009 ). 

 On the other hand, αCaMKII activity can by itself generate LTP. Postsynaptic 
injection or overexpression of a truncated version of αCaMKII displaying constitu-
tive activity triggers potentiation and occludes further LTP induction (Hayashi et al. 
 2000 ; Lledo et al.  1995 ; Pettit et al.  1994 ; Poncer et al.  2002 ). However, unexpected 
results were obtained from transgenic mice expressing a full-length pseudo- 
phosphorylated form of αCaMKII that displays autonomous activity (T286D), as in 
this model LTP induced by high-frequency stimulation was normal (Mayford et al. 
 1995 ; Rotenberg et al.  1996 ). This apparent contradiction was clarifi ed by recent 
work in slice cultures that thoroughly examined the effect on synaptic strength of 
different CaMKII phosphorylation states of residues T286/T305/T306, by introduc-
ing modifi ed holoenzymes rather than subunit fragments (Pi et al.  2010 ). In this 
study, expression of full-length T286D αCaMKII potentiated transmission to a satu-
rated level and occluded LTP induction as long as inhibitory autophosphorylation 
were prevented, i.e. if mutations that abolish phosphorylation of T305/6 (T305A/
T306A) were also introduced. In turn, the triple mutation T286D and phospho- 
mimetic T305/306 (T286D/T305/306D) fails to potentiate transmission, causing 
instead LTD. Indeed, in T286D-KI mice the frequency-response curve for plasticity 
is shifted to the right (Mayford et al.  1995 ). This is a form of metaplasticity, a 
higher-order type of plasticity, or “plasticity of synaptic plasticity”, meaning that 
the differential induction of LTD or LTP by moderate protocols is modulated by 
previous synaptic activity. The frequency required to generate LTP instead of LTD 
in T286D-KI is larger than for wild type, but normal LTP can be induced by saturat-
ing protocols (Mayford et al.  1995 ), indicating an increase in the threshold for LTP 
induction. Consistent with a role of inhibitory phosphorylation in this regulation, in 
T305/T306A-KI mice metaplasticity is absent (Zhang et al.  2005 ). Therefore, in 
addition to the requirement of T286 autophosphorylation for LTP, inhibitory phos-
phorylation at T305/306 has a key regulatory function. Note also that for all mutant 
forms of autonomous αCaMKII and inhibitory phosphorylation, T286A/D and 
T305D/A, spatial learning was impaired (Elgersma et al.  2002 ; Giese et al.  1998 ; 
Rotenberg et al.  1996 ). 

 In summary, αCaMKII activation and T286 autophosphorylation are required for 
LTP and several forms of learning, and phospho-T286 can generate LTP or LTD 
depending on T305/306 phosphorylation that acts as a control point for metaplasticity 
and memory formation. 
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 With respect to the β subunit, βCaMKII KO mice also present impaired LTP and 
hippocampal-dependent learning (Borgesius et al.  2011 ). However, this is most 
probably due to altered αCaMKII distribution and targeting to dendritic spines, for 
which a non-catalytic role of the β subunit is required. This and other evidence that 
will be discussed in detail later implicate CaMKII holoenzymes in both signaling 
and structural processes in dendritic spines (Hell  2014 ). Note that as holoenzymes 
normally present both types of subunits, modifi cations in one type may alter the 
availability and function of the other. 

 CaMKII activation and phosphorylation state have important consequences on 
its interaction with other proteins and thus on kinase localization. This allows a 
differential action on targets situated at specifi c spine microdomains. In turn, 
CaMKII binding to specifi c cytoplasmic and PSD proteins can regulate kinase 
activity, as is the case of the NMDAR subunit GluN2B. These properties allow an 
exquisite activity- dependent and spatiotemporal regulation of CaMKII and their 
targets in spines.  

3.3.2     Different Pools of CaMKII Exist in Dendritic Spines 
in Basal Conditions 

 CaMKII is highly abundant in spine cytoplasm and it is also a major component of 
the PSD (Hell  2014 ). Early biochemical, EM and optical studies suggested the exis-
tence of different CaMKII pools in dendritic spines, depending on various protein–
protein interactions and subject to regulation by synaptic activity. Nowadays, the 
development of new optical methodologies allows unraveling CaMKII distribution, 
interactions, mobility and regulation by activity in dendrites and spines, including 
high-resolution spatiotemporal molecular tracking at a microdomain scale. 

 The steady-state turnover of overexpressed or endogenous CaMKII in spines was 
initially measured in hippocampal cell and slice cultures by quantitative optical 
microscopy techniques as confocal fl uorescence recovery after photobleaching 
(FRAP) or two-photon (2p)-laser photoactivation (PA) and microscopy (Okamoto 
et al.  2004 ; Sharma et al.  2006 ; Asrican et al.  2007 ; Sturgill et al.  2009 ). CaMKII 
subpopulations with different basal turnover rates were detected in these studies: a 
major fraction (~65–80 %) leaves spines in a few minutes, which is longer than 
expected for simple diffusion, suggesting that at least part of this pool requires pre-
vious dissociation from binding partners at spines. In turn, a small but detectable 
fraction (~15–20 %) remains unchanged after 30 min, indicating the existence of a 
strongly-bound fraction (but see Shen and Meyer  1999 ). More recently developed 
methodologies as photo-activated localization microscopy (PALM) and stochastic 
optical reconstruction microscopy (STORM), have allowed high-resolution moni-
toring of CaMKII mobility in individual spines by single-molecule tracking 
(Lu et al.  2014 ). According to their kinetic properties, at least three different pools 
of αCaMKII can be detected in spines; a larger fraction is regulated by the actin 
cytoskeleton and ~10 % can be considered as immobile (no change after 30 min). 
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 In basal conditions, a major proportion of CaMKII in spines interacts with the 
cytoskeleton. This mainly relies on the direct binding of βCaMKII to F-actin, 
through a segment in the variable linker domain that is absent in αCaMKII (Fink 
et al.  2003 ; Lu et al.  2014 ; Shen et al.  1998 ). Interestingly, this association to actin 
fi laments confers the holoenzyme a key role in the maintenance of dendritic spine 
structure. Through the stoichiometric interaction mediated by the β subunit, CaMKII 
acts as an F-actin bundling protein that stabilizes spine cytoskeleton (Okamoto et al. 
 2007 ; Fig.  3.3 ). In agreement with this, downregulation of βCaMKII reduced the 
size and number of mature spines and increased fi lopodial structures in hippocam-
pal organotypic slices (Okamoto et al.  2004 ). Actin fi lament crosslinking by 
CaMKII depends on the β subunit in a non-enzymatic manner, as this is not affected 
by mutations that abolish kinase catalytic activity. Therefore, in addition to CaMKII 
actions as a signaling molecule, in the basal state it plays a structural role as a cyto-
skeletal component. Moreover, βCaMKII interaction with F-actin is required for 
CaMKII targeting to spines: normal CaMKII distribution in spines relies on the 
presence of βCaMKII but not on its activity, as mutant mice that do not express the 
β subunit display holoenzyme misslocalization, but transgenic mice with a mutated 
β subunit that cannot be activated by Ca 2+ /CaM, retain actin-binding properties and 
show normal CaMKII enrichment in spines (Borgesius et al.  2011 ).

  Fig. 3.3    Model of the functional and structural changes in a dendritic spine after LTP induction. 
Cartoon illustrating the general spine structure and main protein–protein interactions in PSD and 
actin cytoskeleton before and after LTP induction. CaMKII holoenzymes containing either α or β 
subunits are shown to highlight their differential interactions with spine proteins. Note the increase 
in CaMKII-NMDAR complex at the synapse and stargazin phosphorylation promoting PSD-95 
binding and AMPAR trapping. Actin-cytoskeleton with CaMKII holoenzymes crosslinking the 
fi laments and their restructuration after LTP are also shown       
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   CaMKII is also highly enriched at the PSD (Kennedy et al.  1983 ), where a key 
binding partner is GluN2B. This interaction is critical for synaptic plasticity 
(reviewed in Sanhueza and Lisman  2013 ) and spine stabilization (Hill and Zito 
 2013 ). Other αCaMKII PSD-binding partners include α-actinin, densin-180, the 
scaffolding protein Shank, Ca 2+  channels, the NMDAR subunit GluN1, as well as 
other CaMKII holoenzymes (Petersen et al.  2003 ). 

 The binding of α subunits to synaptic proteins and β to actin may provide a physi-
cal link between PSD and cytoskeleton. Moreover, the interaction of αCaMKII with 
the F-actin-binding protein α-actinin constitutes an indirect mechanism for holoen-
zyme association to spine cytoskeleton (Hell  2014 ). α-actinin cross-links F-actin and 
it also binds to the GluN1 subunit of NMDAR. Thus, these interactions may strengthen 
the structural connection between PSD and spine actin cytoskeleton. 

 It is known that spine head volume in CA1 pyramidal neurons is positively corre-
lated with both PSD size and synaptic strength in individual spines (Harris and Stevens 
 1989 ; Matsuzaki et al.  2001 ). Remarkably, a correlation was also found between the 
bound-amount of αCaMKII and both spine size and synaptic strength (Asrican et al. 
 2007 ). This applies to the non-soluble pool that may include the PSD-associated sub-
set, the fraction bound to actin and the self-associated holoenzymes (Hudmon et al. 
 2005 ; Petersen et al.  2003 ). As CaMKII can simultaneously interact with multiple 
PSD proteins (Robison et al.  2005 ) as well as with actin cytoskeleton, holoenzymes 
may play a structural role at synapses and spines by clustering molecular complexes 
and thus contributing to maintain synaptic strength and spine stability. Moreover, as 
these protein–protein interactions depend on kinase activation state, it is expected that 
CaMKII may constitute a dynamic organizer of synaptic complexes, involved in the 
structural changes occurring during the induction of plasticity. Experimental evidence 
supporting this claim will be discussed in Sect.  3.4 . 

 Ultrastructure studies have widely reported the existence of a large and variable 
pool of CaMKII holoenzymes at the cytoplasmic side of the PSD (Dosemeci et al. 
 2001 ; Petersen et al.  2003 ). Recent high-resolution negative stain EM tomography 
allowed 3D mapping of the ring-like structures deep in the PSD, detecting the pres-
ence of scattered holoenzymes also in the PSD core (Fera et al.  2012 ). Further stud-
ies are needed to disclose if the CaMKII populations at the PSD matrix and 
membrane fringe constitute different functional pools. 

 With regard to estimations of the basal amount of CaMKII holoenzymes at syn-
apses, it is known that anoxic/ischemic stress during acute brain slice preparation 
and tissue homogenization causes post-mortem kinase translocation to PSD (Suzuki 
 1994 ). Thus, many studies probably overestimated the amount of PSD-associated 
holoenzymes in basal conditions. Recently, Ding and coworkers (Ding et al.  2013 ) 
confi rmed this prediction by comparing immuno-electron microscopy observations 
from quickly-fi xed tissue with that prepared after a delay of a few minutes. Even so, 
this study still found a substantial pool of αCaMKII localized to the cytoplasmic 
fringe of PSD and a smaller but consistently visible group within the PSD core, 
mainly concentrated at the lateral edges. Intriguingly, a signifi cant amount of 
CaMKII localized to the proximal cytoplasmic region, close to spine neck. 

 Basal enrichment of CaMKII varies considerably among individual spines 
and PSD and this variability is much higher than for PSD-95, member of the 
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membrane- associated guanylate kinase (MAGUK) family and the most abundant 
scaffold protein at synapses (Asrican et al.  2007 ; Fera et al.  2012 ; Petersen et al. 
 2003 ). This suggests a dynamical regulation of PSD CaMKII content and is con-
sistent with an information storage role of the enzyme. Indeed, CaMKII under-
goes redistribution in dendrites and spines due to the activity-dependent 
regulation of its interactions with other proteins.  

3.3.3     CaMKII Activation and Persistent Translocation 
to PSD During LTP 

 Time-lapse fl uorescence microscopy studies have allowed live monitoring of 
activity- dependent CaMKII redistribution in dendrites, spines and PSD, adding to 
initial biochemical results. Early imaging work reported a transient translocation 
of GFP-αCaMKII from dendrites to spines and from an F-actin-attached state to a 
presumed synaptic location in cultured hippocampal cells (Shen and Meyer  1999 ). 
Synaptic stimulation triggers holoenzyme detachment from spine actin cytoskel-
eton and its synaptic translocation by association to GluN2B (Leonard et al.  1999 ) 
(Fig.  3.3 ). Dissociation of β-CaMKII from F-actin can be induced by either Ca 2+ /
CaM binding to βCaMKII or Thr287 autophosphorylation (Hell  2014 ). Moreover, 
as Ca 2+ /CaM interacts with αCaMKII at the same region that α-actinin, Ca 2+  entry 
to spines should also disrupt this association. Interestingly, the duration of 
CaMKII translocation to synaptic puncta increases with stimulation strength 
(Bayer et al.  2006 ). While both CaMKII translocation and GluN2B binding do not 
require T286 phosphorylation but only kinase activation, autophosphorylation at 
this site stabilizes the interaction and prolongs kinase activity-induced accumula-
tion at postsynaptic sites in living cells (Bayer et al.  2006 ; Meyer and Shen  2000 ; 
Shen and Meyer  1999 ). 

 Remarkably, live confocal/2p imaging and immunogold EM microscopy work 
showed that after demonstrated induction of LTP in hippocampal slice cultures, acti-
vated CaMKII undergoes a persistent accumulation at spines and PSD (Otmakhov 
et al.  2004 ; Strack et al.  1997 ). In agreement with this, FRAP studies indicated a 
long-lasting reduction in the mobility of αCaMKII in spines after LTP induction 
(Sharma et al.  2006 ). Interestingly, single-molecule tracking of αCaMKII by PALM 
and STORM techniques revealed that besides activity-dependent  immobilization at 
the PSD, it also accumulates at regions far from synapsis (Lu et al.  2014 ), presum-
ably close to spine neck, supporting a CaMKII role in spine structural plasticity 
(see below). 

 The induction of LTP in single spines by optical methods has demonstrated that 
both CaMKII activation and translocation is specifi c for the stimulated spines 
(Lee et al.  2009 ; Zhang et al.  2008 ). This suggests that translocation of active CaMKII 
to synapses by binding to the NMDAR allows the synapse-specifi city of LTP. 

 CaMKII permanence at PSD is differentially modulated by their autophosphory-
lation processes. The pseudo-phosphorylated form T286D prolongs kinase retention 
time at synaptic sites and the non-phosphorylatable version T286A is targeted to 
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synapses but to a lower level than wild type (Bayer et al.  2006 ; Gustin et al.  2011 ; 
Meyer and Shen  2000 ). In turn, αCaMKII T305/306 inhibitory autophosphorylation 
promotes kinase dissociation from synapses. In vitro studies showed that T305/306 
autophosphorylation reduced binding to PSD (Strack et al.  1997 ). Moreover, KI mice 
with non-phosphorytable T305/306 display increased PSD-attached CaMKII in vivo, 
whereas pseudo-phosphorylated T305/306 dramatically decrease binding (Elgersma 
et al.  2002 ). In summary, autonomy-inducing and inhibitory autophosphorylations 
regulates in opposing ways CaMKII translocation and persistence at synapses.  

3.3.4      CaMKII and Structural Plasticity of Dendritic Spines 

 In addition to synaptic functional changes, CaMKII is involved in spine structural 
plasticity (Okamoto et al.  2009 ). The long-lasting increase in spine size during LTP 
results from the reorganization of actin cytoskeleton (Murakoshi and Yasuda  2012 ). 
CaMKII activation is required for persistent spine enlargement as the latter is 
blocked by either CaMKII pharmacological or genetic inhibition (Matsuzaki et al. 
 2004 ; Yamagata et al.  2009 ). 

 Ca 2+  increase during LTP induction promotes the dissociation of βCaMKII from 
F-actin, destabilizing holoenzyme-dependent fi lament crosslinking and causing cyto-
skeleton disassembly (Okamoto et al.  2007 ). At later stages, the amount of F-actin in 
spines increases (Okamoto et al.  2004 ), generating more binding sites for CaMKII 
accumulation, which may stabilize structural changes by bundling F-actin and slowing 
down actin turnover in spines. On the other hand, CaMKII may regulate cytoskeleton 
reorganization by the modulation of the small-GTPases RhoA and Cdc42 pathways 
that promote actin depolymerization and polymerization, respectively. These GTPases 
may contribute in a spatiotemporal complex way to the initial actin restructuration and 
the maintenance phase of spine enlargement (Colgan and Yasuda  2014 ). Moreover, 
during LTP induction CaMKII regulates the confi nement of an F-actin “enlarge-
ment pool” at the stimulated spine, a process required for persistent spine expansion 
(Honkura et al.  2008 ). Finally, spine size can be increased by αCaMKII T286 auto-
phosphorylation through a structural action not requiring catalytic activity (Pi et al. 
 2010 ). The underlying mechanism of this spine change is not clear, but is different 
from that of synaptic strengthening and can be dissociated from it. 

 Therefore, by playing both enzymatic and structural roles, CaMKII mediates 
functional synaptic plasticity and spine morphological changes.  

3.3.5     CaMKII Binding to NMDAR and the Mechanisms 
of CaMKII-Mediated Synaptic Strengthening 

 The complex formed by CaMKII and NMDAR is present in basal conditions in PSD 
(Leonard et al.  1999 ; Strack and Colbran  1998 ) and increases after NMDAR stimu-
lation. Activity-dependent αCaMKII-GluN2B binding is critical for LTP induction 
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and is triggered by strong synaptic stimulation that activates CaMKII in spines. 
Genetic interference with this interaction abolishes or reduces LTP induction and 
impairs memory (Barria and Malinow  2005 ; Zhou et al.  2007 ; Halt et al.  2012 ; Stein 
et al.  2014 ;). Therefore, CaMKII translocation to PSD by direct binding to NMDARs 
is required for synaptic strengthening, presumably because it allows kinase close 
proximity to critical synaptic targets. 

 The mechanism of synaptic potentiation by CaMKII is not fully understood, but 
is thought to rely on the regulation of AMPAR function and localization (reviewed 
in Lisman et al.  2012 ; Nicoll and Roche  2013 ). A fi rst proposed mechanism involves 
the phosphorylation of S831 residue in the C-tail of the AMPAR GluA1 subunit, a 
modifi cation that increases single-channel conductance of GluA1 homomers by 
enhancing the gating of individual subunits (reviewed in Derkach et al.  2007 ). A 
similar modulation occurs for native GluA1-GluA2 heteromers associated to trans-
membrane AMPAR-regulatory proteins (TARPs; Kristensen et al.  2011 ). However, 
the proportion of AMPARs undergoing phosphorylation at S831 was recently 
shown to be very small, thus questioning the relevance of this mechanism for LTP 
(Hosokawa et al.  2015 ). On the other hand, it has long been known that during the 
induction of LTP AMPARs are inserted into synapses in a CaMKII-dependent man-
ner (Hayashi et al.  2000 ). 

 New available methodologies are contributing to shed light on the implications 
of activity-dependent CaMKII translocation to PSD and the molecular basis of syn-
aptic enhancement. FRAP studies and 2p microscopy using pH-sensitive tags allow 
monitoring the population of surface receptors and their dynamics in neurons from 
slice cultures. Moreover, the trajectory of individual surface AMPARs and the trans-
location of single CaMKII molecules can now be tracked by high-resolution micro-
scopic techniques as receptor labelling with semiconductor quantum dots (QD) and 
FLIM/STORM imaging. The use of these tools has modifi ed the way synapses are 
conceived, from a view in which neurotransmitter receptors and other specialized 
proteins are very stable at synapses, to an idea of synapses as highly dynamic struc-
tures allowing permanent in and out receptor traffi cking (Choquet  2010 ). 

 In basal conditions, AMPARs continuously cycle between the plasma membrane 
and intracellular compartments, maintaining a pool of surface receptors that can be 
recruited to synapses. Stable synaptic transmission represents a state of dynamic 
equilibrium in the highly active AMPARs traffi c. Receptor abundance at synapses 
depends on the complex regulation of different processes: receptor exocytosis and 
endocytosis (for degradation or recycling), surface diffusion and synaptic trapping 
(Newpher and Ehlers  2008 ; Opazo and Choquet  2011 ). During the induction of syn-
aptic plasticity this equilibrium is altered by modifi cation of one or more of these 
steps. Synaptic potentiation is associated with an increase in both AMPAR exocyto-
sis and endocytosis, thought to occur mainly at extrasynaptic sites (Choquet  2010 ). 
However, imaging of recombinant surface-fl uorescent receptors suggests that syn-
aptic recruitment of AMPARs during LTP induction mainly involves trapping of 
laterally diffusing receptors (Makino and Malinow  2009 ; Patterson et al.  2010 ), at 
least during early stages (Lledo et al.  1998 ). Incorporation of AMPARs to the plasma 
membrane by a mechanism depending on the small GTPase Ras-ERK pathway may 
contribute to later LTP phases (Patterson et al.  2010 ; Zhu et al.  2002 ). 
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 NMDAR activation induces AMPAR immobilization at PSD, as inferred from 
single-molecule tracking. Translocation of active CaMKII to synapses by binding to 
GluN2B is required to induce the diffusional trapping of AMPARs by a process that 
is not well understood, but may involve the generation of new synaptic binding sites 
or ‘slots’ for receptor recruitment (Lisman et al.  2012 ). Overexpression of a mutant 
form of αCaMKII that does not bind to GluN2B abolishes both CaMKII transloca-
tion and AMPAR trapping at synapses (Opazo et al.  2010 ; Tomita et al.  2005 ). On 
the other hand, the catalytically-dead αCaMKII K42R that adopts the open confor-
mation after binding Ca 2+ /CaM but does not exhibit enzymatic activity, preserves 
the ability to translocate to synapses in an activity-dependent way, but fails to induce 
receptor trapping (Opazo et al.  2010 ). In agreement with this, K42R knock-in mice 
display normal CaMKII synaptic translocation, but LTP, structural plasticity and 
learning are severely impaired (Yamagata et al.  2009 ). 

 Overall, these results suggest that activity-dependent AMPAR targeting to syn-
apses requires both CaMKII binding to the NMDAR and kinase enzymatic activity. 
A widely studied CaMKII phosphorylation target at synapses is stargazin, an 
AMPAR auxiliary subunit and member of the TARP family that regulates both 
channel gating and traffi cking (Díaz  2010 ). This reaction enhances the binding of 
stargazin to PSD-95 through PDZ domains, promoting the diffusional trapping of 
stargazin-associated receptors at synapses (Opazo et al.  2010 ). Stargazin phosphor-
ylation depends on the pool of CaMKII bound to the NMDAR (Tsui and Malenka 
 2006 ). This mechanism may promote the generation of new synaptic slots for recep-
tor recruitment during early LTP. 

 In line with this evidence, a mutation that mimics stargazin phosphorylation at 
the CaMKII target S9 (S9D) enhances transmission and occludes further LTP induc-
tion in hippocampal slice cultures. On the other hand, preventing stargazin phos-
phorylation by introducing a non-phosphorylatable form (S9A) blocks LTP. Besides 
S9, CaMKII phosphorylates a series of serine residues at stargazin C-tail (Tomita 
et al.  2005 ). Unphosphorylated stargazin associates to lipid bilayer through electro-
static interactions and phosphorylation causes tail release from membrane, allowing 
binding to PSD-95 (Sumioka et al.  2010 ). During LTP this complex may recruit 
AMPARs by providing new anchoring sites at synapses (Fig.  3.3 ). In this model, 
phosphorylated stargazin and PSD-95 are the minimal components of the synaptic 
trapping slots (Opazo et al.  2011 ). In contrast to this view, a recent study proposes 
that the minimal requirement for receptor synaptic insertion during LTP is the exis-
tence of a suffi ciently large pool of extrasynaptic glutamate receptors (Granger 
et al.  2013 ). 

 CaMKII switch-like properties inspired the theory that the holoenzyme may not 
only trigger LTP, but also sustain it through a long-lasting enzymatic effect on their 
synaptic targets, thus working as a molecular memory that stores information on 
previous synaptic activity (reviewed in Lisman et al.  2002 ). Biochemical studies 
supported this proposal showing that after induction T286 becomes phosphorylated 
and remains in this state for at least 1 h (Fukunaga et al.  1995 ; Lengyel et al.  2004 ). 
Intriguingly, kinase autonomous activity was found to last only a few minutes 
(Lengyel et al.  2004 ), challenging the proposal that persistent CaMKII enzymatic 
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action could maintain potentiation. This issue was further addressed by a study in 
which LTP and ongoing CaMKII activation were simultaneously examined in 
single dendritic spines by high-resolution optical methods (Lee et al.  2009 ). LTP 
was induced by glutamate uncaging and CaMKII spatiotemporal activation was 
monitored by the αCaMKII activity sensor Camuiα, based on fl uorescence reso-
nance energy transfer (FRET). Study showed that αCaMKII activation during LTP 
lasted for ~1 min. Still, authors acknowledge that a remaining autonomous activity 
generated by the small fraction of αCaMKII subunits bound to GluN2B (estimated 
to be ~0.2 % of spine CaMKII; Feng et al.  2011 ) may be below the resolution limit 
of this methodology (Fujii et al.  2013 ; Lee et al.  2009 ). Interestingly, new evidence 
with Camuiα indicates that kinase deactivation is not due to T286 dephosphoryla-
tion (Otmakhov et al.  2015 ), consistent with a prolonged phosphorylation of this 
site. The role of this persistent phosphorylated state as well as the mechanism by 
which autonomous CaMKII activity is lost, remain to be determined. Possible 
mechanisms are discussed later. 

 Overall, evidence suggests that, at least during early stages of LTP, CaMKII- 
activity and binding to NMDAR is required for AMPAR trapping at synapses, pre-
sumably acting through TARP phosphorylation. In turn, experimental results to date 
do not support a role of T286-dependent autonomous activity in the maintenance 
phase of LTP (Lee et al.  2009 ), suggesting the involvement of other mechanisms at 
later stages. CaMKII activity can be transduced into the synaptic dispersion of 
SynGAP, which inactivates the Ras pathway, thus supporting AMPAR incorpora-
tion and spine enlargement during late LTP (Araki et al.  2015 ). 

 A different line of evidence suggests that the CaMKII-GluN2B complex can 
play a role in late-LTP and the persistent control of synaptic strength (Sanhueza 
et al.  2011 ; Lisman et al.  2012 ), possibly by a structural action. Interestingly, the 
possibility arises that long-lasting T286 phosphorylation after LTP might stabilize 
this interaction.   

3.4     CaMKII-NMDAR Binding in the Maintenance 
of Synaptic Strength: A Memory Storage Mechanism 
at Synapses? 

 It has long been known that NMDAR-bound CaMKII exists in basal conditions in 
the PSDs of living cells (Leonard et al.  1999 ; Strack and Colbran  1998 ), but the 
functional implications of this association are just beginning to be unraveled. In 
addition to a role in LTP induction, this complex may be involved in the control of 
synaptic strength. Key evidence in support of this idea comes from electrophysio-
logical, biochemical and imaging work in acute and organotypic brain slices, as 
well as single-molecular tracking of surface AMPA receptors in cell cultures upon 
genetic manipulations of αCaMKII and its binding to GluN2B. 

 The development of synthetic peptides derived from CaMKIIN, an endogenous 
and selective CaMKII inhibitor protein (Chang et al.  1998 ,  2001 ), has allowed 
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investigation of the relationship between basal CaMKII-GluN2B binding and 
synaptic function. These peptides (CN peptides) were developed from the fraction 
of CaMKIIN protein required for kinase inhibition, and bind to αCaMKII at a region 
that include the GluN2B-binding site (T-site). Accordingly, CN peptides block 
Ca 2+ -induced binding of αCaMKII to GluN2B in vitro (Vest et al.  2007 ). As for 
GluN2B, CN interaction with CaMKII can only take place when the kinase is in the 
open conformation due to Ca 2+ /CaM binding or T286 autophosphorylation. 
Interestingly, the transient application of CN peptide to hippocampal slices in basal 
conditions persistently disrupted CaMKII-GluN2B interaction and caused a long- 
lasting synaptic depression (Sanhueza et al.  2011 ). Concurrently, the bound amount 
of αCaMKII in spines was persistently decreased, with no evident change in spine 
size. CN-induced depression is postsynaptic, is different from LTD and correlates 
with age-dependent average basal synaptic enrichment of CaMKII (Sanhueza et al. 
 2011 ; Gouet et al.  2012 ; Petralia et al.  2005 ). Moreover, CN increased AMPAR 
basal surface diffusion, as did genetically disruption of CaMKII binding to GluN2B 
(Opazo et al.  2010 ). 

 LTP induction is blocked in the presence of CN peptides, as expected for a 
CaMKII inhibitor, but surprisingly, CN-treated slices display enhanced LTP when 
induced after drug removal (Sanhueza et al.  2007 ,  2011 ). This does not appear to be 
a metaplasticity phenomenon, as is observed for protocols that saturate LTP. Most 
relevant, transient CN application allowed LTP re-induction in synaptic pathways 
that previously underwent saturated LTP. To note, the persistent effect on transmis-
sion and subsequent LTP induction is observed for drug concentrations that dissoci-
ate the CaMKII-GluN2B complex, but not for lower concentrations causing only 
kinase inhibition. An attractive interpretation of these results is that CN peptides 
partially reverse an LTP maintenance mechanism at synapses by causing dissocia-
tion of CaMKII from GluN2B. While this hypothesis requires direct demonstration, 
the following indirect evidence supports it: (a) CaMKII binding to GluN2B is 
required for LTP induction; (b) this complex exists at synapses at basal levels of 
activity and its disruption is associated with synaptic depression and enhanced 
 subsequent LTP; and (c) CNs reverse LTP saturation, allowing its re-induction. 
Alternatively, the observed modulation of synaptic strength and of the further induc-
tion of plasticity may indicate that agents causing CaMKII-GluN2B dissociation 
trigger a homeostatic regulation of synaptic function. 

 Interestingly, basal transmission and synaptic confi nement of AMPARs also 
require binding of stargazin to PSD-95 or other MAGUKs (Bats et al.  2007 ; Schnell 
et al.  2002 ; Sainlos et al.  2011 ). It is not clear whether the stargazin pool basally 
bound to MAGUKs is phosphorylated, but this cannot be discarded as basal phos-
phorylation of TARPs exists at PSDs (Inamura et al.  2006 ), suggesting this may be 
involved in basal receptor confi nement. Indeed, Tomita et al. ( 2005 ) proposed that 
a balance between stargazin phosphorylation/dephosphorylation processes may 
exist at basal levels of activity. The similarity in the effects of targeting CaMKII-
NMDAR complex and TARP-PSD-95 interaction is intriguing. More experiments 
are needed to determine a possible relationship among them. 

M. Sanhueza and G. Fernandez



59

 A role of the CaMKII-NMDAR complex in the maintenance of synaptic strength 
may rely on protein–protein interactions allowing receptor clustering at synapses 
(Lisman et al.  2012 ; MacGillavry et al.  2013 ). Still, the involvement of CaMKII 
autonomous activity of the small but strategically-located GluN2B-bound pool 
cannot be discarded. 

 The CaMKII-NMDAR complex may constitute a mechanism for LTP mainte-
nance or other information storage mechanism at synapses, whose regulation would 
allow maintaining synaptic strength and plasticity in dynamic ranges, avoiding their 
saturation.  

3.5     CaMKIIN, a Putative CaMKII-Regulating Protein 
in the Brain 

 The endogenous protein CaMKIIN specifi cally inhibits CaMKII enzymatic activity 
by binding to the T-site and sterically occluding substrate access to the neighboring 
active site (Chang et al.  1998 ; Vest et al.  2007 ). CaMKIIN and related peptides inter-
fere with Ca 2+ -dependent kinase binding to GluN2B in vitro (Chang et al.  1998 ; Vest 
et al.  2007 ) and causes the dissociation of basally existent complex in living cells 
(Sanhueza et al.  2011 ). To date, two isoforms have been identifi ed, CaMKIINα and 
β (also known as CaMK2N1 and 2), showing wide but not identical distributions in 
the brain (Chang et al.  2001 ; Radwańska et al.  2010 ). CaMKIIN isoforms are found 
in CaMKII-containing cells and were fi rst reported to be soluble proteins of around 
80 amino acids (but see Saha et al.  2007 ) and 70 % identity. CaMKIIN mRNA is 
rapidly (<30 min) expressed and protein transiently up-regulated by novelty or fear 
learning in an isoform- and region-specifi c manner (Lepicard et al.  2006 ; Radwańska 
et al.  2010 ). CaMKIIN mRNA rapid and transient expression after learning resem-
bles immediate-early genes such as c-Fos, Zif268 or Arc/Arg3.1 (Guzowski  2002 ). 
Therefore, CaMKIINα, β proteins are putative plasticity-related proteins. It was 
hypothesized that they may be part of a negative feedback mechanism, inhibiting 
further CaMKII activity or its association with NMDARs (Lucchesi et al.  2011 ). 
Interestingly, they could underlie the transient kinase activation after LTP induction. 
Both CaMKIIN isoforms inhibit CaMKII with the same potency and specifi city. 
CaMKIINα mRNA displays a cell- and time-specifi c regulation by an antisense tran-
script expressed at lower levels and in specifi c brain regions, including neocortex, 
caudoputamen and piriform cortex (Ling et al.  2011 ). These authors showed that the 
antisense transcript can form cytoplasmic double-stranded RNA aggregates with 
the CaMKIINα mRNA, potentially inhibiting its expression. Moreover, both sense 
and antisense transcripts are upregulated in adult stages compared to embryos/P1 
animals. Overall, this evidence suggests a complex gene expression and post-
transcriptional regulation of CaMKIINs during development and learning. 

 The function of these proteins in the intact brain is unknown. As discussed, a 
transient increase may depress synaptic strength and reverse LTP saturation in the 
hippocampus. As CaMKIIN inhibits both Ca 2+ -dependent and independent CaMKII 
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activity and also interferes with kinase interaction with GluN2B, its regulation of 
synaptic function may be quite complex. The modulation of plasticity would depend 
on whether CaMKIIN increases are chronic or transient: sustained upregulation of 
CaMKIIN may inhibit or impair the induction of LTP in a graded way and the oppo-
site may happen for its downregulation. On the other hand, transient increases in 
protein -such as those occurring after learning- would have the opposite effect, i.e., 
to facilitate LTP induction after CaMKIIN returns to baseline (Sanhueza et al.  2007 , 
 2011 ). Possible roles in the selective erasure of previously acquired memories, as a 
homeostatic regulator of synaptic function or as a mechanism to stop CaMKII activ-
ity after LTP, remain to be directly evaluated. In any case, CaMKIIN would allow 
keeping synaptic function in a dynamic range.  

3.6     Concluding Remarks 

 CaMKII intricate regulation by Ca 2+  signals, autophosphorylation and interactions 
with other proteins allow an exquisite spatiotemporal regulation of the enzyme activ-
ity and localization, determining its key role in several aspects of synaptic dynamics. 
Within holoenzyme large repertoire of functions, probably the most exciting is its 
participation in synaptic plasticity and memory. While the development of new 
methodologies in recent years has allowed learning much about these processes, 
there are many questions that are still open. While CaMKII is long known to be criti-
cal for LTP, it is surprising that we have not yet achieved a clear understanding of 
what are the mechanisms coupling its activation with synaptic transmission 
enhancement. 

 Here we reviewed some of the best known aspects of CaMKII contributions to 
synaptic plasticity and structure, and outlined fundamental questions that have not 
yet been resolved. Important aspects had to be left out, as the proposed role in homeo-
static synaptic plasticity, LTD, GABAergic synaptic function, among others. The fact 
that holoenzyme roles are so diverse is perhaps what makes it more diffi cult to 
dissect their role in memory. CaMKII is emerging as master molecule playing both 
enzymatic and structural roles in synaptic signaling and information storage the 
synapse, with broader implications than previously thought.     
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    Chapter 4   
 CaMKII Autophosphorylation-Dependent 
Learning and Memory                     

       Fabio     A.  B.     Vigil      and     Karl     Peter     Giese    

    Abstract     Calcium/calmodulin-dependent kinase II is the most abundant protein in 
the post-synaptic density. It has been proposed to play an important role on learning 
and memory due to its autophosphorylation ability. Once phosphorylated in the 
right position CaMKII remains active even after the initial stimulus has fi nished. 
Although the model seems quite logical and straight forward the function of CaMKII 
autophosphorylation in learning and memory is still a matter of discussion. While 
its importance in learning is well established there isn’t still enough data to reach a 
conclusion on memory. In this chapter we will discuss CaMKII autophosphoryla-
tion theory, its importance for LTP, learning, memory and possible relevance in 
different diseases.  

  Keywords     Synaptic plasticity   •   LTP   •   Signalling   •   Memory   •   Hippocampus  

4.1         Biochemistry of CaMKII 

 Calcium/calmodulin-dependent kinase II (CaMKII) is the major post-synaptic den-
sity (PSD) protein and counts for 1–2 % of total protein in the brain (Erondu and 
Kennedy  1985 ). CaMKII is a serine/threonine kinase activated by binding of the 
calcium/calmodulin complex (CaM). This kinase has a wide range of substrates and 
is involved in many aspects of cellular function, such as the regulation of ion chan-
nel function, neurotransmitter release, gene transcription, cytoskeletal organization, 
protein degradation and intracellular calcium homeostasis (Hudmon and Schulman 
 2002 ; Lisman et al.  2002 ,  2012 ; Bingol et al.  2010 ; Lucchesi et al.  2011 ). CaMKII 
is composed of an auto-inhibitory regulatory domain, an N-terminal catalytic 
domain and a C-terminal association domain (Chao et al.  2011 ; Hell  2014 ). In mam-
mals four different isoforms of this enzyme are expressed: α, β, γ and δ isoforms 
(Gaertner et al.  2004 ). The most common isoforms in the brain are α and β 
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CaMKII. These kinases differ in their kinetic of interaction with CaM, the ability to 
bind to cytoskeleton elements and their expression patterns (De Koninck and 
Schulman  1998 ; Thiagarajan et al.  2002 ; Cheng et al.  2006 ; Okamoto et al.  2009 ; 
Lucchesi et al.  2011 ). Nevertheless, those isoforms are usually associated with each 
other creating a holoenzyme composed of 12 CaMKII subunits organized into two 
hexameric rings (Hoelz et al.  2003 ; Rosenberg et al.  2005 ). The 12 subunits mainly 
include α and β CaMKII, creating heteromers, but homomers consisting of only 
αCaMKII have been found (Bronstein et al.  1988 ). The organization of this enzyme 
in a complex of subunits facilitates the occurrence of autophosphorylation between 
the different subunits. The most studied autophosphorylation site of this enzyme is 
at threonine in position 286 (T286) present in αCaMKII. In βCaMKII this threonine 
is in position 287. The phosphorylation at T286 allows CaMKII to remain in an 
active state even when free CaM levels have returned to baseline as it also dramati-
cally enhances CaM binding to the enzyme (Hanson et al.  1989 ; Meyer et al.  1992 ; 
Irvine et al.  2006 ).  

4.2     The T286 Autophosphorylation Theory 

 Due to this ability to switch from a CaM-dependent to a CaM-independent state of 
activation (bistability), CaMKII has been suggested to act as a memory molecule 
preserving “memories” of strong calcium signals (Lisman  1994 ). Before the publi-
cation of his paper in 1994 Lisman used mathematical models to study if CaMKII 
bistability was a good candidate to store long-term memory (Lisman and Goldring 
 1988a ,  b ). His models suggested that CaMKII autonomous activity could be stable 
enough to maintain long-term potentiation (LTP) and memories for a lifetime. 
However, a more recent model proposes that this might not be the case. Using anal-
ysis of the stochastic transition between the ON and OFF states of CaMKII as a 
consequence of T286 phosphorylation, Miller et al. ( 2005 ) have reported the auto-
phosphorylation to be stable for only a few years. Although these models are 
unlikely to be correct, as illustrated below, they inspired many studies on the role of 
CaMKII autophosphorylation including the generation of knock-in mutant mice 
that contain a single point mutation in position 286, inhibiting the autophosphoryla-
tion by replacing threonine for alanine (T286A) (Giese et al.  1998 ).  

4.3     T286 Autophosphorylation and LTP 

 There has been a considerable amount of effort on studying the relationship between 
T286 phosphorylation and the occurrence of LTP, a form of synaptic plasticity 
thought to underlie memory formation and storage (Bliss and Collingridge  1993 ). 
The study of T286A mutant mice revealed that the autophosphorylation of CaMKII 
is required for the induction of  N -methyl- D -aspartate (NMDA) receptor-dependent 
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LTP at excitatory hippocampal CA1 synapses (Giese et al.  1998 ). Interestingly, in 
the fi rst 2 weeks of postnatal life CaMKII autophosphorylation is not required for 
CA1 LTP (Yasuda et al.  2003 ). There is a developmental switch changing CA1 LTP 
from protein kinase A (PKA)- to CaMKII-dependence. Further, LTP in dentate 
gyrus (DG), a brain area where constantly new neurons are born, does not require 
CaMKII autophosphorylation. Wu et al. ( 2006 ) observed that the pharmacological 
block of CaMKII activity does not impair DG LTP. It is necessary to block PKA or 
MAPK/ERK kinase (MEK) together with CAMKII to achieve impairment in 
LTP. This suggested an additional mechanism of LTP regulation present in these 
cells. The same results were observed in T286A DG cells. The mutation alone is not 
capable of blocking LTP. LTP is impaired only when PKA or MEK is also blocked 
in these cells (Cooke et al.  2006 ). In accordance with this observation, in obese 
Zucker rats, an obesity model, and also in a rat hypothyroidism model CaMKII 
T286 autophosphorylation is reduced and CA1 LTP is impaired. On the other hand, 
the same models do not have impaired DG LTP (Alzoubi et al.  2005 ; Gerges et al. 
 2005 ). Regarding neocortical cells,  in vitro  and  in vivo  experiments, using T286A 
animals, demonstrated a dependency on CaMKII T286 autophosphorylation for 
LTP induction (Hardingham et al.  2003 ). It is important to consider that even in a 
specifi c area of the hippocampus, like CA1, different types of synapses have differ-
ent dependency of CaMKII T286 autophosphorylation for LTP formation. The 
results presented earlier which show a dependency of CaMKII autophosphorylation 
for LTP occurrence in CA1 area were conducted at excitatory synapses in pyramidal 
cells (Giese et al.  1998 ), but inhibitory synapses of the neuron can induce NMDA 
receptor-dependent LTP in the absence of T286 autophosphorylation (Lamsa et al. 
 2007 ). 

 Despite being necessary for LTP induction at some synapses, stimulus-induced 
elevation of CaMKII activity appears to be a transient phenomenon. Using electro-
physiological high-frequency stimulation to induce LTP, Lengyel et al. ( 2004 ) did 
not detect any changes in autonomous CaMKII activity after electrical stimulation. 
According to the authors, this might be due to the fact that a change in autonomous 
CaMKII activity is too transient to be detectable, too small to be measured or it may 
not occur. Therefore, the same authors used a chemical stimulation to induce LTP 
and short-term potentiation (STP) and they noticed that both protocols produce very 
similar effects on CaMKII autonomous activity. These stimulations led only to a 
transient increase in CaMKII autonomous activity that lasts up to 5 min, while T286 
autophosphorylation remained elevated for longer. STP would be accompanied by 
an increase in T286 autophosphorylation that disappeared after 10 min. After LTP 
induction T286 autophosphorylation remained increased even after 60 min (Lengyel 
et al.  2004 ). Other groups also found that LTP induction leads only to transient 
increase of CaM-independent activity, by about 1 min, using two-photon glutamate 
uncaging pulses to induce LTP and fl uorescence resonance energy transfer (FRET)-
based sensor to study CaMKII activity at the level of single synapses (Lee et al. 
 2009 ; Fujii et al.  2013 ). Taken together, functional studies have established that the 
T286 autophosphorylation has a fundamental role for the induction of some forms 
of NMDA receptor-dependent LTP, and it is unlikely that autonomous CaMKII 
activity maintains LTP, as this activity lasts only for a very short duration.  
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4.4     Molecular Bases for the Roles of T286/287 
Autophosphorylation in LTP 

 Lisman et al. ( 2012 ) proposed a model for the role of CaMKII in LTP based on the 
modulation of glutamate receptor activity. In short, CaM is produced by calcium 
infl ux through NMDA receptors. CaM activates CaMKII holoenzymes that are 
present in the synapse, therefore, initiating T286 and T287 autophosphorylation. 
The T287 phosphorylation of βCaMKII subunits and CaM binding releases the 
holoenzyme from binding to F-actin, allowing CaMKII to freely diffuse in the syn-
apse. Once CaMKII reaches the PSD area, its localization is stabilized by binding 
to the NMDA receptor. CaMKII can actually bind to two different sites of the 
NMDA receptor. One site depends on CaMKII’s association to CaM (within resi-
dues 1120–1480 of the NMDA receptor) and a second binding site depends on T286 
phosphorylation (residues 839–1120) (Bayer et al.  2001 ). Bayer et al. ( 2001 ) even 
showed that, besides being anchored in the PSD area by the interaction with the 
NMDA receptor, this interaction might actually create an autonomous activity state 
of CaMKII, independent of CaM and also independent of autophosphorylation of 
its subunits. Although this is a very interesting fi nding by Bayer et al. ( 2001 ), the 
data were obtained from  in vitro  experiments and such mode of activation still 
hasn’t been shown to occur  in vivo . Nevertheless, once in the PSD autophosphory-
lated CaMKII was suggested to increase glutamatergic transmission by phosphory-
lation of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptor subunit GluA1 at serine 831. This phosphorylation increases AMPA recep-
tor conductance (Derkach et al.  1999 ). Furthermore, CaMKII can also increase the 
number of AMPA receptors in the PSD area by phosphorylation of the protein star-
gazin. Stargazin is an AMPA receptor binding protein and once it is phosphorylated 
it also binds to the scaffold protein PSD-95, enhancing the number of AMPA recep-
tors in the PSD area (Tomita et al.  2005 ; Opazo et al.  2010 ). This way, the network 
effect of an initial burst of calcium into the cell would lead to an increase in gluta-
matergic transmission. Such mechanism could be important for the induction of 
LTP. However, if we consider the turnover and dephosphorylation of proteins this 
mechanism is most likely transient and it cannot account for LTP maintenance. 

 Another possible molecular explanation for a role of CaMKII autophosphoryla-
tion in LTP emerges from the synaptic tag hypothesis. The synaptic tag theory pro-
poses that during early LTP, a short lasting form of LTP, synapses can be “tagged”. 
Upon future stimulation of the neuron plasticity-related proteins (PRP) can be syn-
thesized in the soma, which then freely diffuse into the dendrites but will only be 
taken up by previously tagged synapses to induce long lasting LTP (Frey and Morris 
 1997 ). Redondo et al. ( 2010 ) have shown that although CaMKII is not necessary for 
production of PRP it is necessary for the tagging of the synapses. Although very 
interesting, Redondo et al. ( 2010 )’s observation has a limitation. KN-93, a pharma-
cological blocker was used to block CaMKII function. As shown in their article, this 
inhibitor is not specifi c for CaMKII, so the authors analysed different doses of 
KN-93 and decided to use a concentration of 1 μM. At this concentration KN-93 has 
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a high affi nity for CaMKII but there is still some inhibition of calcium/cAMP- 
response element binding protein (CREB) activity by other CaM-dependent kinases 
such as CaMKIV. So the effects observed in synapse tagging by KN-93 treatment 
can’t be considered to be dependent of CaMKII activity only. The lack of specifi city 
of drugs like KN-93 or KN-62 is not due to an upstream inhibition of CaMKII, but 
rather due to binding competition with CaM (Mochizuki et al.  1993 ; Enslen and 
Soderling  1994 ; Wayman et al.  2008 ). For a more complete discussion on the matter 
of the lack of specifi city of KN-93 see Wayman et al. ( 2008 ).  

4.5     Other Effects of T286/T287 Autophosphorylation 
in Neurons 

 Autophosphorylation at T286 is not only involved in LTP. It also impacts on other 
electrophysiological features of neurons. For example, as mentioned above, the 
occurrence of STP produces an increase in T286 phosphorylation and this increase 
disappears after 10 min (Lengyel et al.  2004 ). Accordingly, T286A mutants lack 
STP at excitatory hippocampal CA1 synapses (Giese et al.  1998 ). But the function 
of CaMKII autophosphorylation goes beyond synaptic potentiation. The state of 
activation of a neuron is defi ned by a balance between excitation and inhibition, 
between LTP and long-term depression (LTD). This balance is taken in account in 
the metaplasticity theory and CaMKII could play an important role in metaplastic-
ity. Metaplasticity, which is commonly defi ned as “plasticity of synaptic plasticity”, 
involves the alteration of the threshold for LTP and/or LTD induction in response to 
the previous history of synaptic activity of a specifi c synapse. In other words, meta-
plasticity is a shift in the balance between LTP and LTD due to a trigger of activity 
(priming). Such mechanism can be important to prevent the saturation of LTP in 
stimulated synapses as to fi lter off subthreshold priming activities at synapses 
(Abraham and Tate  1997 ). This learning mechanism has been proposed to be 
CaMKII autophosphorylation-dependent by Mayford et al. ( 1995 ). Those authors 
have suggested a role for CaMKII autonomous activity in metaplasticity by creating 
a different mutation on the T286 position of αCaMKII. Mayford et al. ( 1995 ) 
expressed a transgene that had the threonine in this site changed to an aspartic acid 
(T286D) mimicking the autophosphorylation. The transgene was expressed in addi-
tion to the endogenous CaMKII gene. As a result a metaplasticity phenotype was 
caused, favouring LTD over LTP. However, a later study conducted by Bejar et al. 
( 2002 ) with the T286D mutants revealed that these mutants have altered expression 
of many proteins, including the inhibitory neuropeptide Y. Because of this, the 
metaplasticity phenotype in these mutants cannot be assigned directly to altered 
autonomous activity of CaMKII. Furthermore, Li et al. ( 2014 ) have observed that 
for a priming effect to occur a shift from a CaMKII dependent mechanism to a pro-
tein kinase Mzeta dependent mechanism may have to occur. Although it is still too 
early to fully understand the role of CaMKII in metaplasticity phenomenon, the 
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study by Mayford et al. ( 1995 ) was a very important fi rst step. More recently, 
Coultrap et al. ( 2014 ) have shown that T286 phosphorylation is important for both 
LTP and LTD. In their experiment it was observed that T286 phosphorylation was 
required for the induction of LTP and LTD. While in case of LTP the phosphory-
lated enzyme phosphorylates the AMPA receptor subunit GluA1 at S831 increasing 
its conductance, after LTD induction CaMKII phosphorylates GluA1 at S567, a 
phosphorylation site known to reduce synaptic GluA1 localization (Coultrap et al. 
 2014 ). Considering T286 autophosphorylation as a metaplasticity switch, its control 
of the balance between LTP and LTD should respond to the history of stimulation of 
the neuron. Indeed continuous stimulation of CA1 cells from T286A mutant mice 
showed a decrease in the slow component of post-burst after-hyperpolarization. As 
a consequence of continued stimulation wild-type cells have an increased after- 
hyperpolarization, which is a negative feedback for neuronal fi ring. Since T286A 
neurons have a reduced after-hyperpolarization response, this suggests that T286 
autophosphorylation might be a mechanism for downregulating the excitability of 
neurons as a response to a history of repetitive stimulation (Sametsky et al.  2009 ). 
Regarding weak stimulation, T286A cortical neurons have a higher threshold for 
intensity of the stimulus required to elicit a post-synaptic response (Pattinson et al. 
 2006 ). 

 Besides control of the electrophysiological features of neurons, autophosphory-
lation of CaMKII at T286/T287 site is also important to regulate the morphology of 
these cells. βCaMKII is capable of binding to F-actin. This binding occurs on a site 
situated between the regulatory and association domains of βCaMKII, and αCaMKII 
lacks this binding site. Unbinding is dependent on autophosphorylation of T287 
and/or calcium-calmodulin binding (Shen and Meyer  1999 ; Hell  2014 ). Okamoto 
et al. ( 2009 ) has suggested a role for F-actin and βCaMKII interaction on spine 
enlargement and stabilization. Their model goes as follow, in a basal state of activa-
tion F-actin is bundled by CaMKII. This interaction maintains the stability of spine 
structure. Upon stimulation of the spine complexes of CaMKII are activated and the 
T287 site is phosphorylated releasing F-actin from βCaMKII interaction. This 
unbundling of F-actin allows the polymerization of this cytoskeleton element creat-
ing a spine enlargement. Afterwards the T287 site is dephosphorylated, CaMKII 
complex binds to F-actin again and stabilizes the spine in this enlarged size 
(Okamoto et al.  2009 ). Another example of a role for CaMKII autophosphorylation 
on structural changes of the synapse can be found in Jourdain et al. ( 2003 ). These 
authors have exposed hippocampal CA1 cultured cells to calyculin A, a phospha-
tase inhibitor, which markedly enhances autophosphorylation of CaMKII (Fukunaga 
et al.  1993 ). As a result of this treatment, they observed growth of fi lopodia and 
appearance of new spines in dendrites of the cells. The same results were obtained 
by the authors by injecting activated α and β CaMKII in the cultures. Activation of 
these enzymes was achieved  in vitro  by exposing a purifi ed solution of these 
enzymes to CaM in optimum conditions. In a bigger scale even the dendrites that 
hold these synapses might have their structure regulated by CaMKII autophosphor-
ylation. T286A mutants have abnormal dendritic branching in spinal cord neurons, 

F.A.B. Vigil and K.P. Giese



73

with signifi cantly increased numbers of dendritic branches and total dendritic length 
compared with wild-type littermates (Pattinson et al.  2006 ). 

 Sanhueza and Lisman ( 2013 ) proposed a model for the molecular basis of 
CaMKII in memory that combines the kinase activity of CaMKII and the structural 
role of the enzymatic complex. Once again it all starts with calcium infl ux through 
NMDA receptors, which creates CaM that activates CaMKII. Activated CaMKII 
passes through autophosphorylation at T286 and T287 and migrates to the PSD 
where it binds to NMDA receptors. This fi rst part accounts for the need of kinase 
activity. When bound to the NMDA receptor in the PSD the CaMKII complex 
would work like a scaffolding protein, interacting with the NMDA receptor and 
actinin in the PSD area. This complex would then bind to densin, delta-catenin, 
AMPA receptor-binding protein (ABP) and N-cadherin in an even larger complex. 
The ABP protein could anchor AMPA receptors in the PSD area, while N-cadherin 
creates a physical trans-synaptic bound that enlarges synapses both pre- and post- 
synaptically (Sanhueza and Lisman  2013 ). This hypothesis combines the effects of 
CaMKII in the glutamatergic system and in synapse size regulation. 

 Figure  4.1  illustrates a schematic representation of possible molecular targets of 
T286-autophosphorylated CaMKII heteromers in a dendritic spine.

4.6        T286 Autophosphorylation in Learning and Memory 

 The T286A mutant mice have severe learning impairments in the Morris water 
maze task (Giese et al.  1998 ; Need and Giese  2003 ). Specifi cally, the loss of T286 
autophosphosporylation does not affect use-of-platform learning, but it blocks strat-
egy and spatial learning. Interestingly, environmental enrichment and handling do 
not overcome the spatial learning defi cits in the T286A mutants (Need and Giese 
 2003 ). Thus, the lack of T286 autophosphorylation leads to one of the most severe 
learning defi cits ever described for mice. Place cell recordings in T286A mutants 
have shown that the autophosphorylation is required for place cell stability (Cho 
et al.  1998 ; Cacucci et al.  2007 ). The T286A mutants are also impaired in memory 
formation in passive avoidance, as well as cued and context fear conditioning (Irvine 
et al.  2005 ). In these tasks one-trial memory formation requires T286 autophos-
phorylation, whereas massed training can lead to memory formation in the absence 
of the autophosphorylation. Memory formation in absence of T286 autophosphory-
lation is hippocampus-dependent (Irvine et al.  2011 ), indicating that hippocampal 
memory can be maintained without T286 autophosphorylation. 

 Gokcek-Sarac et al. ( 2013 ) reported that animals with “good” performance in the 
12-arm radial maze have higher levels of T286-autophosphorylated CaMKII in 
comparison with animals with “poor” performance and this difference is not simply 
the result of altered αCaMKII levels. In fact, T286 autophosphorylation is widely 
accepted as important biological substrate for learning so that it is used as a tool to 
study the neuroanatomical substrates of learning. For example, Cox et al. ( 2014 ) 
have used the T286 phosphorylation to assess how unrestricted and restricted 
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 learning of a new environment leads to different patterns of activation in the 
hippocampus. 

 Although the relevance of CaMKII T286 phosphorylation in learning/mem-
ory formation has been established and widely accepted, its role in memory 
maintenance is still a matter of discussion. In fact despite all the cognitive 
impairments found in the T286A mutants, Ohno et al. ( 2005 ) observed that these 
animals were able to learn trace eyeblink conditioning normally. This result 
indicates a hippocampus- dependent mechanism of memory formation that is 
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  Fig. 4.1    A schematic representation of possible molecular targets of T286-autophosphorylated 
CaMKII heteromers in the dendritic spine. After activation of the holoenzyme by calcium/
calmodulin (CaM), T286 autophosphorylation occurs and the enzyme dissociates from F-actin. 
This allows the diffusion of autophosphorylated CaMKII into the post-synaptic density (PSD) 
and it enables F-actin remodelling. Autophosphorylated CaMKII can bind to the NMDA receptor 
(NMDAR) and phosphorylate AMPA receptors (AMPAR). The phosphorylation of the AMPAR 
will increase its conductance and stabilize its localization in the PSD. The CaMKII complex 
might also form a bigger complex involving different proteins that would localize AMAPRs in 
the PSD as well as include cell adhesion molecules to connect pre- and post-synaptic terminals. 
Another possible effect of autophosphorylated CaMKII in the spine could be the regulation of 
SynGAP localization and state of phosphorylation. Although the effects of this regulation have 
not yet been well defi ned, CaMKII activity might cause an inhibition of the ERK pathway by 
stimulating SynGAP activity. The fi nal result of this ERK inhibition is a decrease of protein syn-
thesis. CaMKII autophosphorylation may also be important for localizing proteasome to the 
PSD. Finally, CaMKII might be involved synaptic tagging, which allows the uptake of newly 
synthesized plasticity- related proteins (PRPs) into the activated spine. CaMKII could be the tag 
itself or it regulates the tag       

 

F.A.B. Vigil and K.P. Giese



75

CaMKII autophosphorylation- independent. It is worth noticing that trace eyeblink 
 conditioning requires a long training protocol. The T268A animals were also capa-
ble of forming memories of contextual and cued fear conditioning once they were 
exposed to prolonged training protocols (Irvine et al.  2005 ,  2011 ). This memory 
formation mechanism might be dependent on the generation of multi-innervated 
dendritic spines (Radwanska et al.  2011 ). This mechanism will be discussed in more 
detail in another chapter of this book. Moreover, Buard et al. ( 2010 ) even showed 
that blocking CaMKII activity after fear conditioning training had no effect on 
memory storage. 

 At this point we can’t conclude if CaMKII autophosphorylation is or is not rel-
evant for memory maintenance. Although some studies seem to indicate that 
CaMKII activity is not relevant for long-term memories, other studies suggest dif-
ferent conclusions. Kimura et al. ( 2008 ) reported that partial reduction of CaMKII 
autophosphorylation in heterozygous T286A mutants impairs extinction of contex-
tual fear memory. However, extinction is not forgetting; rather it is a form of new 
learning, where the animal learns to suppress the conditioned response. Furthermore, 
it has been suggested that CaMKII activity is important for degradation (Bingol 
et al.  2010 ) and synthesis of plasticity-related proteins (von Hertzen and Giese 
 2005 ). Both processes are crucial for memory maintenance after retrieval. Retrieval 
can destabilize memory, which involves degradation of synaptic proteins, followed 
by reconsolidation, a protein synthesis-dependent process (Kelly et al.  2003 ; Lee 
et al.  2004 ,  2008 ; Lee  2008 ). CaMKII activity could be important for both, destabi-
lization and reconsolidation. In terms of destabilization, CaMKII activity might be 
relevant since it has been observed that T286 autophosphorylation increases 
CaMKII’s affi nity to proteasome and promotes proteasome recruitment to spines. 
CaMKII can also phosphorylate proteasome subunit Rpt6 on serine 120 and increase 
its activity (Djakovic et al.  2009 ; Bingol et al.  2010 ; Jarome et al.  2013 ). CaMKII 
phosphorylates also the protein CYLD. Once phosphorylated, CYLD is activated 
and facilitates proteasomal degradation of protein by removing K63-linked polyu-
biquitins (Thein et al.  2014 ). Regarding synthesis of proteins, CaMKII interacts 
with the synaptic GTPase-activating protein (SynGAP). Through a cascade of sig-
nals, which includes the extracellular signal-regulated kinases (ERK) pathway, 
SynGAP’s interaction with CaMKII inhibits protein synthesis. This signalling path-
way is critical for synaptic plasticity (Wang et al.  2013 ). Besides activating SynGAP, 
CaMKII also regulates SynGAP distribution to the PSD area (Yang et al.  2013 ). The 
role of CaMKII in retrieval of a memory is still a hypothesis that needs testing and 
even less can be concluded about the relevance of the T286/287 phosphorylation in 
this mechanism. It was also shown that different polymorphisms in the αCaMKII 
gene are associated with working memory abilities in humans (Easton et al.  2013a ). 

 Next to playing a role in learning and memory, T286 autophosphorylation also 
appears to regulate locomotor reactivity to novel environments that are potentially 
threatening (Easton et al.  2013c ). Additionally, it controls the establishment of etha-
nol drinking behaviour in mice and possibly humans (Easton et al.  2013b ). A 
detailed list of the behavioural changes observed in the T286A mutants can be 
found in Table  4.1 .
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   Table 4.1    Behavioural phenotypes of T286A mutants   

 Behavioural test  Phenotype  Reference 

 Morris water 
maze 

 – Increased escape latency in training trials  Giese et al. 
( 1998 )  –  During probe trial did not search selectively in the 

target quadrant and did not selectively cross the 
platform site 

 –  Pre-training with visible platform in fi xed location 
does not overcome spatial learning defi cits 

 – No swimming speed defi cits 
 –  Training with visual platform showed mild impairment 

only during blocks 2 and 3 out of 6 blocks 
 Morris water 
maze 

 –  Increased escape latency and path length during 
training trials 

 Need and 
Giese ( 2003 ) 

 –  Environmental enrichment had no effect on the 
impairment 

 –  During visual platform test no difference in latency, 
swim speed or path length 

 –  During probe trial both, naive and enriched mutants, 
did not search selectively in the target quadrant and did 
not selectively cross the platform site 

 –  During probe trial enriched mutants swam faster than 
non-enriched 

 –  Mutants had an increase in fl oating behaviour that was 
rescued by enrichment 

 –  Both enriched and non-enriched T286A mutants 
showed more thigmotaxis swimming than wild type 
animals 

 Morris water 
maze 

 –  Heterozygote mutants show normal latency reduction 
during training 

 Kimura 
et al. ( 2008 ) 

 –  During fi rst probe trial heterozygote mutants show 
normal memory of the platform location 

 –  Heterozygote mutants have impaired memory 
extinction [4 probe trials of 6 min] 

 –  During extinction trials heterozygote mutants have 
normal swim speed and fl oating time 

 Passive avoidance 
test 

 –  No avoidance of the dark compartment after only one 
training session 

 Irvine et al. 
( 2005 ) 

 –  When trained repetitive times, until a 120 s criteria, 
memory was formed and maintained 

 – Signifi cant higher number of trials to reach criteria 
 Contextual fear 
conditioning 

 –  Severely impaired contextual freezing on memory test 
24 h after training with 1 or 3 shocks 

 Irvine et al. 
( 2005 ) 

 –  When trained with 5 shocks show decreased fear 
response during the shocks, but normal contextual 
freezing scores in memory test 24 h later 

(continued)
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Table 4.1 (continued)

 Behavioural test  Phenotype  Reference 

 Contextual fear 
conditioning 

 –  Impaired short term memory when tested 2 h after 3 
shocks training 

 Irvine et al. 
( 2011 ) 

 – Normal short term memory after 5 shocks training 
 –  Training with 2 trials of 1 shock with 1 h inter-trial 

interval was not suffi cient to create long term memory 
[tested 24 h after training] 

 –  Hippocampal post-training lesion impairs long term 
memory after 5 shocks training [tested 8 days after 
training] 

 –  Normal freezing scores when tested 30 days after 5 
shocks training 

 –  Aged mutants have impaired memory when tested 24 h 
after 5 shocks training 

 Contextual fear 
conditioning 

 –  Heterozygote mutants show normal freezing scores 24 
h after 1 shock training 

 Kimura 
et al. ( 2008 ) 

 –  Heterozygote mutants show impaired extinction after 5 
days of 6 min exposures to conditioning chamber 

 –  Heterozygote mutants have impaired extinction after 
30 min re-exposure to the chamber 24 h after training 

 –  Heterozygote mutants have normal levels of extinction 
when tested 21 days after 30 min re-exposure to the 
chamber 15 min after training 

 Cued fear 
conditioning 

 –  Severely impaired freezing scores in memory test 
48 h after 1 shock training 

 Irvine et al. 
( 2005 ) 

 –  Normal freezing scores during memory test 48 h after 
3 shocks training. 

 Cued fear 
conditioning 

 –  Training with 2 trials of 1 shock with 1 h inter-trial 
interval was not suffi cient to create long term memory 
[tested 48 h after training] 

 Irvine et al. 
( 2011 ) 

 –  Normal freezing scores when tested 31 days after 5 
shocks training 

 –  Aged mutants have normal memory when tested 48 h 
after 5 shocks training 

 Trace eyeblink 
conditioning 

 –  Normal learning during training [two sessions of 30 
trials per day for 3 days] with normal percentage of 
conditioned response (CR), CR onset latency, latency 
to the peak of CR and normal duration of CR 

 Ohno et al. 
( 2005 ) 

 –  Hippocampal lesion impaired mutant’s percentage of 
conditioned response 

(continued)

4 CaMKII Autophosphorylation-Dependent Learning and Memory



78

4.7        T286 Autophosphorylation and Diseases 

 Alterations in T286 autophosphorylation could be very relevant in many diseases. 
Pathological changes in T286 may be caused by genetic mutations in CaMKII gene, 
dephosphorylation increase or impairment and/or changes in NMDA receptor 
activity. 

 Regarding NMDA receptor abnormalities, Ohno et al. ( 2001 ) observed that nei-
ther heterozygous T286A mutation nor a subthreshold dose of an NMDA receptor 
blocker had any effect on contextual memory formation, but the combination of the 
two impaired memory formation. Thus, defi cits in T286 phosphorylation combined 
with NMDA impairment can have negative impact on learning. However, such syn-
ergetic effect has not yet been observed in diseases. 

 Recently, abnormal T286 autophosphorylation has been linked with α-thalassemia 
X-linked mental retardation (ATRX) (Shioda et al.  2011 ). In an ATRX mouse model 
T286- and T287-autophosphorylation and CaMKII autonomous activity are 
increased in medial prefrontal cortex (mPFC). Possibly the increased autophosphor-
ylations are due to decreased levels of protein phosphatase 1, an enzyme that 
dephosphorylates at the autophosphorylation sites. The increased CaMKII activity 
appears specifi c, as the activities of CaMKI, CaMKIV, ERK and PKCα are not 

Table 4.1 (continued)

 Behavioural test  Phenotype  Reference 

 Taste preference 
test 

 –  No difference in the preference for 0.45 % sucrose 
solution 

 Easton et al. 
( 2013c ) 

 –  Less preference for 5 % sucrose solution in the 
homozygote mutants but no effect on heterozygote 

 –  Heterozygote mutants avoid more the 10 mg/dL 
quinine solution 

 –  No effect of mutation on the avoidance of 20 mg/dL 
quinine solution 

 Two-bottle 
free-choice 
drinking paradigm 

 – Drank signifi cantly less alcohol then naive animals  Easton et al. 
( 2013c ) 

 Loss of righting 
refl ex 

 –  No effect of mutation on the loss of righting refl ex due 
to acute or subchronic alcohol treatment 

 Easton et al. 
( 2013c ) 

 Alcohol-induced 
conditioned place 
preference 

 –  Conditioning was established faster in homozygote 
mutants than wild type animals 

 Easton et al. 
( 2013a ) 

 –  Heterozygote mutants did not develop a signifi cant 
conditioning 

 –  Place preference was extinguished in homozygote 
mutants on the third test 

 –  Homozygote mutants presented hyperactive/hyper-
aroused to the test arena 

 –  Hyperactivity/hyper-arousal induced by the test 
environment in homozygote mutants was normalised 
by alcohol 
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changed in the ATRX mouse model. Interestingly, the increased T286 autophos-
phorylation in mPFC is in contrast to decreased T286 autophosphorylation in the 
hippocampus of the same mouse model (Nogami et al.  2011 ). 

 As for mutations in the αCaMKII gene, Easton et al. ( 2013b ) reported a correla-
tion between alcohol dependence and seven single nucleotide polymorphisms 
(SNP) in the αCaMKII gene of male humans. Additionally, a correlation between 
SNPs in this CaMKII gene of healthy humans and their working memory perfor-
mance in spatial and no-spatial tasks was also observed (Easton et al.  2013a ). 

 Most of the correlations between changes in T286 autophosphorylation and dis-
eases come from models that don’t have a direct, straightforward association with 
CaMKII. For example, obese Zucker rats, an obesity model, and also rats with 
hypothyroidism have reduced T286 autophosphorylation in hippocampal area CA1 
as well as impaired LTP (Alzoubi et al.  2005 ; Gerges et al.  2005 ). Another example 
is rats exposed to heated-air early in life. These animals have hyperthermia-induced 
seizures during the exposure. This is used as a model for febrile seizure, a common 
cause of neurological emergency in human childhood. These animals present defi -
cits in spatial learning and memory in the Morris water maze later in their life. At 
this stage they also show an increased translocation of CaMKII from the PSD to the 
cytosol, decreased levels of T286 phosphorylation and increased levels of phos-
phorylation on the threonine 305 (T305) of CaMKII (Xiong et al.  2014 ). Additionally, 
in prefrontal cortex of rat model of Attention-defi cit/hyperactivity disorder (ADHD) 
T286/287 autophosphorylations are elevated. In this model GluA1 phosphorylation 
at the Ser-831, a known substrate of CaMKII phosphorylation, is also increased. 
Furthermore, those animals have an attention defi cit in the Y-maze task and are 
impaired in a novel object recognition test. Interestingly, acute treatment with meth-
ylphenidate reverts the behavioural phenotypes and restores T286/T287 and GluA1 
phosphorylation to normal levels (Yabuki et al.  2014 ). 

 Reese et al. ( 2011 ) observed that the distribution of T286-phosphorylated 
CaMKII changes from dendritic arborizations to neural perikarya in samples of 
patients with mild cognitive impairment and Alzheimer’s disease. CaMKII localiza-
tion was correlated with cognitive assessment scores. The same authors also treated 
animals with soluble amyloid beta (Aβ) oligomers resulting in a loss of T286- 
autophosphorylated CaMKII from synaptic spines in primary hippocampal neurons 
(Reese et al.  2011 ). Corroborating with the relevance of T286 autophosphorylation 
in Alzheimer’s disease, it was observed that two different treatments capable of 
reducing the effects of Aβ also affect T286 autophosphorylation levels (Zeng et al. 
 2010 ; Ding et al.  2013 ). 

 A list of diseases that lead to impairment in T286 autophosphorylation can be 
found in Table  4.2 .

   Besides the T286 autophosphorylation other phosphorylation sites of CaMKII 
may also be relevant in some diseases. The function of autophosphorylations at 
T305 as well as T306 is still to be determined but they have been accepted as inhibi-
tory phosphorylations (Lucchesi et al.  2011 ; Lisman et al.  2012 ). Phosphorylations 
of these two sites have been shown to be deregulated in a model of Angelman syn-
drome, a form of mental retardation. This model has memory defi cits in the Morris 
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   Table 4.2    T286 autophosphorylation impairment in diseases   

 Disease  Disease model  T286 impairment  Reference 

 α-Thalassemia 
X-linked mental 
retardation 

 Mutant mice lacking 
exon 2 of the gene that 
encodes ATRX, a 
chromatin remodeling 
protein of the sucrose- 
nonfermenting 2 family 
(ATRX ΔE2  mice) 

 –  Increased T286 
autophosphorylation in 
medial prefrontal cortex 

 Shioda et al. 
( 2011 ) 

 α-Thalassemia 
X-linked mental 
retardation 

 ATRX ΔE2  mice  –  Decreased T286 
autophosphorylation in 
hippocampus 

 Nogami et al. 
( 2011 ) 

 Obesity  Obese Zucker rats, a 
genetic model of 
obesity with 
noninsulin-dependent 
diabetes and 
hypertension 

 –  Reduced levels of T286 
autophosphorylation in the 
CA1 area of hippocampus 

 Alzoubi et al. 
( 2005 ) 

 –  Normal levels of T286 
autophosphorylation in the 
DG area of hippocampus 

 Hypothyroidism  Surgical remove 
of the thyroid gland 
(thyroidectomy) 
in rats 

 –  Decreased levels of T286 
autophosphorylation in the 
CA1 area of hippocampus 

 Gerges et al. 
( 2005 ) 

 –  Normal T286 
autophosphorylation in the 
DG area of hippocampus 

 Febrile seizure  Hyperthermia- induced 
seizures due to 
early-life exposure to 
heated-air 

 –  Decreased levels of T286 
autophosphorylation in the 
PSD in hippocampus 

 Xiong et al. 
( 2014 ) 

 Attention-defi cit/
hyperactivity 
disorder 

 Juvenile male 
stroke-prone 
spontaneously 
hypertensive rats 

 –  Increased T286 
autophosphorylation in 
medial prefrontal cortex 

 Yabuki et al. 
( 2014 ) 

 –  Normal T286 
autophosphorylation in the 
CA1 area of hippocampus 

 Alzheimer’s 
disease 

 Human brain tissue  –  Change in the distribution 
of T286 
autophosphorylated 
CaMKII from dendritic 
arborizations to neural 
perikarya in the 
hippocampus 

 Reese et al. 
( 2011 ) 

 Alzheimer’s 
disease 

 Primary rat 
hippocampal cultures 
treated with Aβ 
oligomers 

 –  Reduction on T286 
autophosphorylated 
CaMKII levels at synaptic 
spines 

 Reese et al. 
( 2011 ) 

(continued)
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water maze and contextual fear conditioning and they are reversed by the introduc-
tion of a mutation on the T305/306 site of CaMKII, blocking its inhibitory phos-
phorylations (van Woerden et al.  2007 ).  

4.8     Conclusion 

 At this point we can conclude that the T286 autophosphorylation of αCaMKII 
responds to neuronal activity and it is fundamentally important for synaptic strength-
ening and memory formation. Further, in several diseases the T286 autophosphory-
lation is impaired, but so far no disease is known that directly impacts on this 
phosphorylation. Given the prominence of the T286 autophosphorylation in synap-
tic strengthening and memory formation, still only little is known about why this 
autophosphorylation is so important. For example, GluA1 phosphorylation at S831 
can only be one of several targets, as corresponding GluA1 knock-in mutants have 
a rather mild impairment in memory formation in comparison with T286A mutants 
(compare, Giese et al. ( 1998 ) and Lee et al. ( 2003 )). Moreover, GluA1 knockout 
mice also have a much milder impairment in memory formation that T286A mutants 
(Sanderson et al.  2008 ). Consistent with the idea that autophosphorylated CaMKII 
has multiple targets in spines, it was shown that NMDA receptor-activated CaMKII 
is located not only in the PSD but also at distant points from the PSD (Lu et al. 
 2014 ). 

 Although we have progressed a great deal in understanding the T286 phosphory-
lation site in the α-isoform of CaMKII very little is known about the T287 site, 
present in the β isoform of this enzyme. A more complete understanding of the 
function of both phosphorylation sites might help understand the control of CaMKII 
activity, localization and function as an enzymatic complex and/or structural 
molecule. 

 A bigger challenge will be to conciliate the interactions between these two phos-
phorylation sites and phosphorylation at T305/306, the effect of this interaction for 
subcellular localization and activity of CaMKII and specially the network effect of 
this complex CaMKII regulation. 

Table 4.2 (continued)

 Disease  Disease model  T286 impairment  Reference 

 Alzheimer’s 
disease 

 Rats injected with 
Aβ 1–42  into the lateral 
cerebral ventricle 

 –  Decreased levels of T286 
autophosphorylated 
CaMKII in whole brain 
tissue 

 Ding et al. 
( 2013 ) 

 Alzheimer’s 
disease 

 Rat’s hippocampal 
slices treated with Aβ 
oligomers 

 –  Reduction in LTP- induced 
T286 autophosphorylated 
CaMKII levels 

 Zeng et al. 
( 2010 ) 
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 Future research should also integrate the regulation of CaMKII by phosphoryla-
tion with different mechanisms of CaMKII regulation. A good example is provided 
by Coultrap and Bayer ( 2014 ) showing that αCaMKII is regulated by nitrosylation 
at C280/289. These nitric oxide-induced nitrosylations at C280 and C289 generate 
an autonomous state of CaMKII activity, which is independent of T286 autophos-
phorylation and which actually reduces T286 autophosphorylation. Interestingly, 
this mechanism has no impact on T305 autophosphorylation (Coultrap and Bayer 
 2014 ). 

 In terms of behaviour all the studies indicate that the phosphorylation of the 
T286 site is an important biological substrate for learning/memory formation, but 
its relevance for memory maintenance is still to be determined. Data obtained until 
now indicate that T286 autophosphorylation is not necessary for memory mainte-
nance. One example is Buard et al. ( 2010 ) observation that inhibition of CaMKII 
after fear conditioning training has no effect on memory maintenance. Another indi-
cation that memory maintenance is not dependent on T286 autophosphorylation 
comes from different studies showing that the learning impairment of T286A ani-
mals could be overcome with more intensive training and once the memory is 
formed these animals present the same memory scores then wild type animals 
(Irvine et al.  2005 ,  2011 ; Ohno et al.  2005 ; Radwanska et al.  2011 ). 

 However, based on independent observations (Djakovic et al.  2009 ; Bingol et al. 
 2010 ; Jarome et al.  2013 ; Wang et al.  2013 ; Thein et al.  2014 ) and some preliminary 
data from our group (not published), we have raised the possibility that CaMKII 
activity might play a role in retrieval-dependent memory maintenance. But it is 
unclear whether the T286 autophosphorylation is required. This might not be the 
case as the T286A mutant mutants do not show a phenotype that corroborates with 
this idea. 

 Finally, the presence of impairments and deregulations in CaMKII on different 
neurological diseases has just started to be explored and there is still a lot to be 
studied. But the data acquired until this point show some promising perspectives.     
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    Chapter 5   
 An Alternative Mechanism for Long-Term 
Memory Formation                     

       Kasia     Radwanska      and     Karl     Peter     Giese    

    Abstract     Long-term memory (LTM) formation has been linked with functional 
strengthening of existing synapses as well as other processes including  de novo  
synaptogenesis. However, it is unclear whether synaptogenesis can contribute to 
LTM formation. Using alpha-calcium/calmodulin kinase II autophosphorylation- 
defi cient (T286A) mutants, we demonstrate that when functional strengthening is 
severely impaired contextual LTM formation is linked with training-induced PSD95 
upregulation followed by persistent generation of multiinnervated spines (MIS), a 
type of synapse that is characterized by several presynaptic terminals contacting the 
same postsynaptic spine. In the chapter, the molecular processes involved in genera-
tion of MIS and properties of MIS-dependent memory will be discussed.  

  Keywords     αCaMKII autophosphorylation   •   Multiinnervated spines   •   PSD-95   • 
  Fear memory   •   Hippocampus  

5.1         Introduction 

 The ability to form, store and update long-term memory (LTM) is fundamental for 
brain function. Research in recent decades has provided some insights into LTM 
mechanisms, although current knowledge is limited because the vast majority of 
studies have considered only the role of long-term potentiation (LTP) (Giese  2012 ). 
LTP is an experimentally induced, long-lasting enhancement of chemical synaptic 
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transmission. Depending on the stimulation protocol, distinct versions of LTP can 
be obtained. The NMDA receptor-dependent version(s) is believed to model endog-
enous LTP that is induced after behavioural training in a memory task (Gruart et al. 
 2006 ; Whitlock et al.  2006 ). Consistent with the idea that NMDA receptor-depen-
dent LTP (NMDAR-LTP) is important, an impairment of this synaptic plasticity 
correlates with affected LTM formation or maintenance in many studies (e.g., Silva 
 2003 ; Sacktor  2011 ). However, many investigations have also shown that there can 
be LTM formation despite LTP defi cits (e.g., Irvine et al.  2005 ,  2011 ). Therefore, it 
has become clear that LTP is not the sole LTM mechanism; there is at least one 
alternative mechanism. This raises the question, what other cellular mechanism(s) 
can enable LTM formation when LTP is impaired. We have used an NMDAR-LTP-
defi cient mutant mouse line, T286A knockin mutants which lack the T286 auto-
phosphorylation of the α-isoform of calcium/calmodulin-dependent kinase II 
(αCaMKII), to address this question (Radwanska et al.  2011 ).  

5.2     LTP and Contextual Fear Memory Phenotype of T286A 
Mutants 

 αCaMKII is a major synaptic kinase, which is expressed postnatally, exclusively in 
glutamatergic neurons (more details on αCaMKII and its T286 autophosphorylation 
are in Chapter   4    ). In agreement with the late expression during postnatal develop-
ment, the lack of T286 autophosphorylation does not impair LTP in early postnatal 
life (Yasuda et al.  2003 ). However, in adulthood T286A mutants have fully blocked 
NMDA receptor-dependent LTP at excitatory synapses in hippocampal area CA1 as 
established with a multitude of stimulation protocols (Giese et al.  1998 ; Irvine et al. 
 2005 ; Cooke et al.  2006 ; Radwanska et al.  2011 ). The LTP defi cit is specifi c as the 
T286A mutation does not affect basal synaptic transmission, paired-pulse facilita-
tion and post-tetanic potentiation (Giese et al.  1998 ). Nonetheless, a recent study 
has shown that the T286A have also impaired long-term depression (LTD) at hip-
pocampal CA1 synapses (Coultrap et al.  2014 ). 

 Despite the loss of NMDA receptor-dependent LTP (and LTD) at hippocampal 
CA1 synapses, the T286A mutants form hippocampus-dependent contextual fear 
LTM (Irvine et al.  2005 ,  2011 ). Specifi cally, the T286A mutants form contextual 
fear LTM after fi ve massed training trials, whilst they are impaired in one-trial LTM 
formation and LTM formation after two spaced training trials (Irvine et al.  2011 ). 
The contextual fear LTM after massed training lasts at least 30 days and it requires 
the hippocampus as demonstrated by post-training lesion experiments (Irvine et al. 
 2011 ). Further, immediate-early gene imaging after massed training shows that the 
T286A do not form contextual fear LTM as a result of brain system compensation 
(Radwanska et al.  2011 ).  
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5.3     T286A Mutants as Tool to Discover a Novel LTM 
Mechanism 

 We used the T286A mice as tool to identify a LTM mechanism that is distinct from 
LTP, since these mutants have fully blocked NMDA receptor-dependent CA1-LTP 
and they form hippocampus-dependent contextual fear LTM. LTP is thought to 
result from strengthening of existing synapses. Thus, in principle  de novo  synapto-
genesis may be a LTM mechanism which is alternate to LTP. Consistent with this 
idea, an increase in dendritic spine density has been linked with LTM formation 
(e.g.Leuner et al.  2003 ; Restivo et al.  2009 ; Xu et al.  2009 ; Yang et al.  2009 ). We 
used electron microscopy to analyse changes in synapse number after contextual 
fear conditioning in T286A mutants. Specifi cally, we analysed synapses in stratum 
radiatum of area CA1 in the dorsal hippocampus, a critical brain area for contextual 
fear LTM formation (Rampon et al.  2000 ; Hunsaker et al.  2008 ). We found that 2 h 
after conditioning the total synapse number increases in T286A mutants and wild- 
type littermates (Radwanska et al.  2011 ). However, this increased synaptogenesis 
was not detected 24 h after conditioning (Radwanska et al.  2011 ). Thus, there is 
only transient synaptogenesis after conditioning in the T286A mutants (and wild- 
type littermates). The function of this transient synaptogenesis is unclear but it is 
unlikely to be the mechanism that stores contextual fear LTM in the T286A mutants. 

 Not all synapses in the hippocampus consist of one presynaptic terminal and one 
postsynaptic dendritic spine. There are also multi-spine boutons (MSB) (Toni et al. 
 1999 ; Geinisman et al.  2001 ), where a presynaptic terminal contacts multiple spines, 
and multi-innervated dendritic spines (MIS), where a spine is contacted by more 
than one presynaptic terminal (Fiala et al.  1998 ; Nikonenko et al.  2003 ; Petrak et al. 
 2005 ; Popov et al.  2005 ). These synapse types are relatively rare in the hippocam-
pus (1–5 % of all synapses). MSB generation is associated with LTP in cultured 
hippocampal slices (Toni et al.  1999 ) and occurs after trace eyeblink conditioning in 
CA1 stratum radiatum (Geinisman et al.  2001 ). This trace conditioning requires up 
to 800 training trials and increased MSB number lasting for at least 24 h after con-
ditioning. However, the functional impact of MSB generation is not known. The 
generation of MIS is dependent on NMDA receptor activation in hippocampal slice 
cultures (Nikonenko et al.  2003 ) but before our study (Radwanska et al.  2011 ) a 
function for MIS generation in memory formation/storage was not known. 

 Using an electron microscopic investigation of the T286A mutants, we tested 
whether a change in rare synapse number could be associated with contextual fear 
LTM formation. We found that conditioning of the T286A mutants leads to an 
increase in MIS number that was detected after 2 h and which lasts at least 24 h 
(Radwanska et al.  2011 ) (Fig.  5.1 ). Contextual fear conditioning-induced MIS gen-
eration was not observed in wild-type mice, suggesting that CaMKII 
autophosphorylation- dependent signalling normally suppresses this type of synap-
togenesis. Our result suggested that MIS generation enable LTM formation when 
LTP is impaired.
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5.4        Is MIS Generation Required for Contextual Fear LTM 
Formation in T286A Mutants? 

 To establish that MIS generation is required for contextual fear LTM in T286A 
mutants it is necessary to specifi cally block this type of synaptogenesis. So far only 
little is known about the molecular mechanisms underlying MIS generation. The 
induction of MIS generation requires NMDA receptor activation (Nikonenko et al. 
 2003 ). PSD-95 overexpression is suffi cient to induce MIS generation (Nikonenko 
et al.  2008 ). This overexpression leads to activation of neuronal nitric oxide syn-
thase that produces a retrograde messenger to attract a presynaptic terminal onto the 
dendritic spine (Nikonenko et al.  2008 ). PSD-95 protein is locally translated in den-
dritic spines from pre-existing stores of mRNA after synaptic activation (Kelleher 
et al.  2004 ; Lee et al.  2005 ; Swiech et al.  2008 ; Belelovsky et al.  2009 ). Accordingly 
PSD-95 protein expression is not sensitive to block of transcription (Lee et al.  2005 ; 
Belelovsky et al.  2009 ) but is regulated by the activity of mammalian target of 
rapamycin (mTOR) signaling followed by protein synthesis (Lee et al.  2005 ; 
Belelovsky et al.  2009 ). 

  Fig. 5.1    Training-induced generation of MIS in T286A mutants, but not in WT mice. Synapse 
density and MIS were analyzed 2 h after conditioning in stratum radiatum of hippocampal area 
CA1 using three-dimensional (3-D) electron microscopy ( b ,  c ) and 24 h after training using two- 
dimensional (2-D) electron microscopy ( d ,  e ). ( a ) ( i ) Two serial electron micrographs with a single 
spine innervated by 2 axonal boutons (axon1 and axon2) each with single post-synaptic density 
(PSD1 and PSD2). ( ii ) 3-D reconstructions of this MIS. The red color indicates the PSDs contact-
ing the spine. ( iii ) The spine without the axonal boutons. ( iv ) Two axonal boutons. Reprinted from 
Radwanska et al. ( 2011 )       
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 We analysed the regulation of PSD-95 expression in hippocampal area CA1 after 
contextual fear conditioning in the T286A mutants (Radwanska et al.  2011 ). Only 
the training conditions that lead to LTM formation cause an upregulation of PSD- 
95. Further, we found that the same amount of massed training does not upregulate 
PSD-95 expression in wild-type mice, as expected as these mice do not generate 
MIS. Thus, we found a perfect correlation between MIS generation and PSD-95 
overexpression. Further, we showed that the PSD-95 upregulation is blocked by 
rapamycin, a specifi c blocker of mTOR signalling (Radwanska et al.  2011 ). Finally, 
post-training administration of rapamycin also blocks contextual LTM in T286A 
mutants (Radwanska et al.  2011 ) (Fig.  5.2 ). Taken together, these studies strongly 
suggest that MIS generation is required for contextual LTM in T286A mutants. As 
shown in Fig.  5.3 , we propose a new model of LTM formation when LTP is impaired.

  Fig. 5.2    Contextual LTM formation requires mTOR signaling and protein synthesis in the dorsal 
hippocampus in the T286A mutants. WT mice and T286A mutants were trained with massed 
foreground conditioning. ( a ) Anisomycin (225 mg/kg) was intraperitoneally (IP) injected immedi-
ately after training. Contextual LTM was tested 24 h later. ( b ) Rapamycin (2.5 μg/side) or 
( c ) actinomycin D (10 ng/side) were bilaterally injected into dorsal hippocampus (IdH) immedi-
ately after training and 24 h after conditioning the animals were tested for contextual LTM. ( d ) 
Training- induced PSD95 overexpression requires mTOR signaling in the dorsal hippocampus in 
the T286A mutants. Rapamycin (2.5 μg/side) was bilaterally injected into dorsal hippocampus 
(IdH) immediately after conditioning. The ventral and dorsal hippocampi were collected 2 h after 
training and lysates were assayed by immunoblotting. Reprinted from Radwanska et al. ( 2011 )       
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5.5         What Is the Downside of MIS-Dependent LTM? 

 Memory storage in the brain is a dynamic process. The memories which were 
consolidated, i.e. went through protein synthesis-dependent phase after training, still 
can be remodeled while recalled. The memory recall involves destabilization of 
memory trace which in order to be further stored needs to be reconsolidated in a 
protein synthesis- and transcription-dependent process (Nader et al.  2000 ). LTM 
which is based in LTP-like plasticity is easily updatable because AMPA receptor 
endocytosis is suffi cient for depotentiation of the strengthened synapses and memory 
destabilization (Migues et al.  2010 ). The question emerged whether MIS- dependent 
LTM can also be destabilized by retrieval. Since MIS are structural synapses that 
adhere together, it was expected that retrieval would have to induce a multitude of 
molecular processes to destabilize MIS, which seemed unlikely. Retrieval-induced 
memory destabilization can be assessed by blocking reconsolidation with inhibitors 
of protein synthesis or gene transcription. Using this experimental design, we found 

LTM can be updated LTM is invariant 

axonal
bouton

PSD

dendritic
spine

a b

  Fig. 5.3    Two models of LTM formation. Panel ( a ) shows LTM formation in the presence of LTP, 
as indicated in  brown . It is likely that the strengthened synapses are clustered (Govindarajan et al. 
 2006 ). Panel ( b ) shows a model of LTM formation when LTP is impaired. In this case, MIS are 
generated as indicated in  brown . Depotentiation of LTP is a relatively simple molecular process 
(involves endocytosis of AMPA receptors), whereas loss of MIS is expected to be more compli-
cated as various adhesion molecules keep the MIS together. Consequently, MIS-dependent LTM 
may be less modifi able than LTP-dependent LTM. Evidence supporting this idea is discussed in the 
main text (Color fi gure online)       
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retrieval does not destabilize contextual fear LTM in the T286A (Fig.  5.4 ). Therefore, 
MIS-dependent LTM may be less fl exible than LTP-dependent LTM. An alternative 
interpretation of the impaired contextual LTM fl exibility in T286A mutants is that 
αCaMKII autophosphorylation is essential for destabilization of LTM as it has been 
suggested to regulate ubiquitination at the synapse that appears to be a critical pro-
cess (Bingol et al.  2010 ; Lee et al.  2008 ).

5.6        Conclusion 

 Eleven years ago Nikonenko and colleagues showed that NMDA receptor activation 
could induce MIS generation in hippocampal slice cultures (Nikonenko et al.  2003 ). 
This was the fi rst evidence that MIS might be involved in brain plasticity. However, 
Nikonenko and colleagues did not study MIS generation in intact brain; for exam-
ple, before and after training in a behavioral task. It is only recently that we have 
shown that MIS generation may occur during memory formation when synaptic 
strengthening is impaired (Radwanska et al.  2011 ). At the same time it is unknown 
whether MIS-generation can be a more general mechanism for memory formation 
also in other physiological or pathological conditions. Based on our understanding 
of MIS-linked memory, it can be hypothesized that generation of multi-innervated 
dendritic spines, is the mechanism of development of addiction or hippocampal 
memory formation in old age and that the engagement of this mechanism not only 

  Fig. 5.4    Contextual LTM in T286A mutants is less fl exible than in WT mice. WT mice and 
T286A mutants were trained with massed foreground conditioning and then they underwent 
extinction training ( a ) or were tested for memory destabilization after memory reactivation, using 
actinomycin D (actD) ( b ) or anisomycine ( c ) injection to block memory reconsolidation. Reprinted 
from Radwanska et al. ( 2011 )       

 

5 An Alternative Mechanism for Long-Term Memory Formation



96

requires more training trials but that it also impairs the updating of newly acquired 
memories. 

 In old age memory abilities decline, an individual needs more practice to learn 
new things. This is primarily due to hippocampal dysfunction impairing spatial and 
contextual learning and memory (Small et al.  2011 ). The ageing process impacts on 
the physiology of hippocampal neurons, resulting in a defi cit in the induction of 
LTP, the prime mechanism underlying memory formation (e.g., Murphy et al.  2004 ). 
However, despite LTP impairment new memories can be formed in old age. 
Currently, the ‘alternate mechanism’ that enables memory formation in old age is 
not known. The engagement of this alternate mechanism might require more train-
ing trials and it might impair the fl exibility of newly acquired memory. Taking into 
account the requirements of MIS-linked memory described in T286A mutants, such 
as intensive training, it is an intriguing hypothesis that the same mechanism can be 
used by an ageing brain when hippocampal LTP is impaired. Furthermore, it can be 
hypothesized that MIS may be involved in particular in formation of long-lasting 
and infl exible memories and behaviors. These criteria are fulfi lled in particular by 
such brain dysfunctions as drug addiction (Koob  2009 ).     
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    Chapter 6   
 Inverse Synaptic Tagging by Arc       

       Hiroyuki     Okuno      ,     Anna     Araki      , and     Keiichiro     Minatohara     

    Abstract     Long-term synaptic plasticity and memory formation require activity- 
dependent gene expression. However, it remains unknown how such activity- 
induced gene products are targeted to proper cellular compartments including 
synapses. Investigation of the targeting of the memory related-protein Arc from the 
soma to the synapses have elucidated a novel “inverse” synaptic tagging mecha-
nism that enables Arc to specifi cally target the un-potentiated synapses. The fi nd-
ings provide new mechanistic insights into how the contrast between strong and 
weak synapses is maintained during long-term synaptic plasticity. Furthermore, 
they facilitate a better understanding of the molecular basis of biochemical memory 
at individual synapses and ultimately learning and memory.  

  Keywords     Arc/Arg3.1   •   CaMKII   •   Synaptic tagging and capture   •   Inverse synaptic 
tagging   •   Synaptic plasticity   •   Immediate-early genes  

6.1         Introduction 

 The formation and sculpting neuronal circuits in the brain are not specifi c to the 
course of development but occur continuously throughout life. Synapses, connec-
tion sites between neurons, are added or removed from neuronal circuits daily 
(Bhatt et al.  2009 ; Holtmaat and Svoboda  2009 ). Synapses also undergo both posi-
tive and negative changes with respective to shape, size, and the effi ciency of infor-
mation transmission depending on the patterns of synaptic inputs (Bliss and 
Collingridge  2013 ; Kasai et al.  2003 ). These synaptic changes can be last for hours, 
days, months, or even throughout life (Abraham et al.  1985 ,  2002 ; Bliss and Lomo 
 1973 ; Dudek and Bear  1993 ; Hofer et al.  2009 ). These plastic properties of synapses 
are thought to be the fundamental cellular basis of our cognitive functions including 
learning and memory (Hebb  1949 ; Neves et al.  2008 ; Whitlock et al.  2006 ). 
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 Experience-evoked gene expression, or more generally, neuronal activity- 
dependent gene expression in the brain is a prominent cellular event that occurs 
during various memory formation processes. Activity-dependent gene expression is 
indispensable for memory consolidation, reconsolidation, updates, and extinction 
(Kandel  2001 ; Nader and Hardt  2009 ; Okuno  2011 ; Silva et al.  1998 ) and is also 
critical for long-lasting synaptic modifi cations including long-term potentiation 
(LTP), long-term depression (LTD), and synaptic morphological changes (Bliss and 
Collingridge  2013 ; Govindarajan et al.  2006 ; Redondo and Morris  2011 ). This fur-
ther corroborates the fundamental importance of these cellular processes in long- 
term memory formation and storage. In recent decades, a great deal of effort has 
been invested in identifying and charactering activity-dependent genes that criti-
cally regulate the synaptic and cellular events underlying memory formation and 
cognitive processing (Bourtchuladze et al.  1994 ; Brakeman et al.  1997 ; Flavell et al. 
 2008 ; Greer et al.  2010 ; Lanahan et al.  1997 ; Nedivi et al.  1993 ; Qian et al.  1993 ). 

 The neuronal immediate early gene  Arc  (also called  Arg 3.1) is among the most 
promising candidate memory regulatory genes (Bramham et al.  2010 ; Korb and 
Finkbeiner  2011 ; Shepherd and Bear  2011 ) because of its highly dynamic expres-
sion that is correlated with augmented neuronal activity required for cognitive pro-
cesses such as spatial learning and memory consolidation (Guzowski et al.  1999 ; 
Kawashima et al.  2009 ; Ramirez-Amaya et al.  2005 ). This chapter provides an over-
view of the current knowledge of  Arc  function in synaptic plasticity. The inverse 
tagging model of Arc as a novel molecular mechanism for memory formation is 
also introduced. Finally, the  in vivo  relevance of inverse tagging mechanisms will be 
discussed.  

6.2     The Plasticity-Related, Activity-Regulated Gene Arc 

  Arc/Arg 3.1 was fi rst isolated from rat seizure-induced hippocampal cDNA libraries 
(Link et al.  1995 ; Lyford et al.  1995 ). However,  Arc  has emerged as one of the most 
dynamically regulated and most sensitive genes in response to a wide variety of 
physiological stimuli including sensory inputs (Carpenter-Hyland et al.  2010 ; 
Tagawa et al.  2005 ) and cognitive burdens related to learning and memory (Fig. 
 6.1a ) (Guzowski et al.  1999 ,  2000 ; Ramirez-Amaya et al.  2005 ). Because of its high 
responsiveness,  Arc  transcripts and Arc protein are now widely used as reliable 
activity markers for visualizing neuronal ensembles activated during specifi c behav-
iors or cognitive paradigms (Chawla et al.  2005 ; Mamiya et al.  2009 ; Ploski et al. 
 2008 ; Tse et al.  2011 ; Wintzer et al.  2014 ).

    Arc  is evolutionally conserved in vertebrates, and has no paralogue in genomes, 
suggesting that it has unique but critical roles.  Arc  encodes an approximately 400- 
amino acid protein that has no catalytic or other known functional motifs. Because 
Arc protein directly or indirectly interacts with many proteins, it is likely function 
as a scaffold/anchor protein (Fig.  6.1b ). A large part of Arc’s function is thought to 
occur postsynaptically. Biochemical and electron microscopy studies demonstrate 
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that Arc protein is present in the postsynaptic density of activated neurons 
(Chowdhury et al.  2006 ; Moga et al.  2004 ; Rodriguez et al.  2008 ). At the postsyn-
aptic site, Arc interacts with the endocytic proteins endophilin and dynamin to 
 facilitate the removal of AMPA-type glutamate receptors (AMPARs) from the 
plasma membrane (Fig.  6.2a ) (Chowdhury et al.  2006 ; Rial Verde et al.  2006 ; 
Shepherd et al.  2006 ). This biological function together with the activity-dependent 
expression of  Arc  accounts for the physiological roles of  Arc  in several forms of 
protein translation-dependent LTD (Park et al.  2008 ; Plath et al.  2006 ; Smith-Hicks 
et al.  2010 ; Waung et al.  2008 ) and homeostatic plasticity/synaptic scaling (Fig. 
 6.2b ) (Beique et al.  2011 ; Chowdhury et al.  2006 ; Rial Verde et al.  2006 ; Shepherd 

Homecage New environmenta

b Arc/Arg3.1

CaMKIIα, CaMKIIβ
PSD-95Endophilin

Dynamin

Spectrin β IV

Arc-interacting proteins

Nuclear function

Endocytic machinery

Postsynaptic function

  Fig. 6.1    Neuronal immediate-early gene Arc/Arg3.1. ( a ) Experience-induced Arc expression in 
the hippocampus. When mice are exposed to a new environment, Arc protein ( red ) is rapidly 
induced in the dentate gyrus of the hippocampus within a few hours ( right ). Much fewer neurons 
express Arc under the homecage condition ( left ). Nuclear staining is shown in  green . Bar = 200 μm. 
( b ) Arc protein and its binding partners. Arc protein is shown to interact with several proteins with 
different functions. Only some of known Arc-interacting proteins are shown (Color fi gure online)       
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et al.  2006 ). However, these pivotal roles of  Arc  in the cell-wide weakening of glu-
tamatergic synaptic strength are irreconcilable with a large body of evidence indi-
cating that  Arc  is most strongly induced by stimuli that evoke LTP (Link et al.  1995 ; 
Rodriguez et al.  2008 ; Ying et al.  2002 ) and that both  Arc  mRNA and protein accu-
mulate in the dendritic areas that receive high-frequency synaptic inputs (Moga 
et al.  2004 ; Steward et al.  1998 ; Steward and Worley  2001 ; Wallace et al.  1998 ). Arc 
protein is also enriched in the nuclei of neuronal cells, although its function there 
remains unclear at the moment (Bloomer et al.  2007 ,  2008 ; Korb et al.  2013 ).

Normal neuronal
activity

Chronically
high activity

AMPAR
endocytosis

AMPARs

a

b

Postsynaptic
membrane

Arc/Arg3.1

DynaminEndophilin

Chronically 
low activity

  Fig. 6.2    Arc/Arg3.1 function at the postsynaptic site. ( a ) Role of Arc in AMPAR traffi cking. Arc 
forms a complex with endophilin and dynamin. This endocytic machinery complex facilitates the 
removal of AMPARs from the postsynaptic membrane. ( b ) A model of Arc’s role in homeostatic 
synaptic scaling. The activity-regulated dynamic expression of Arc together with Arc-dependent 
AMPAR endocytosis provides a favorable mechanism for homeostatic modulation of the surface 
AMPAR expression. ( Left ) Under conditions of chronically low neuronal activity, Arc expression 
is reduced and Arc has little effect on AMPA-receptor. ( Middle ) With normal neuronal activity, 
Arc molecules play a role to maintain AMPAR traffi cking. ( Right ) Arc expression is augmented 
with persistent high neuronal activity, facilitating the Arc-dependent endocytosis of AMPARs       
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6.3        Roles of Arc in Long-Term Synaptic Plasticity 
and Homeostatic Plasticity 

 Long-lasting synaptic enhancement (i.e., LTP) and suppression (i.e., LTD) are two 
major forms of synaptic plasticity; they function as the principal cellular mecha-
nisms underlying memory formation and storage (Bliss and Collingridge  1993 ; 
Morris et al.  2003 ; Nabavi et al.  2014 ).  Arc  is induced effectively in neurons by vari-
ous stimuli that evoke LTP and LTD (Link et al.  1995 ; Messaoudi et al.  2002 ; Waung 
et al.  2008 ). Importantly, the fact that LTP and LTD are impaired in  Arc -defi cient 
mice directly suggests the involvement of  Arc  in both forms of synaptic plasticity 
(Park et al.  2008 ; Plath et al.  2006 ). In particular, compelling evidence indicates that 
 Arc  plays crucial roles in various LTD processes. In the hippocampal CA1 region, 
 Arc  is upregulated in approximately 40 % of pyramidal cells after rodents are 
exposed to a novel environment (Guzowski et al.  1999 ; Ramirez-Amaya et al. 
 2005 ). Interestingly, LTD is preferentially induced in cells expressing  Arc  upon 
novelty exposure but not in  Arc -negative neurons (Jakkamsetti et al.  2013 ).  Arc  
mRNA is present in the dendritic regions, and its local translation to Arc protein is 
implicated in a site-specifi c LTD mechanism (Waung et al.  2008 ). Furthermore, 
rapid induction of Arc after LTD-inducing stimulation plays a role in cerebellar 
LTD in Purkinje cells (Smith-Hicks et al.  2010 ). Several studies show that  Arc  is 
also involved in LTP induction or maintenance, although the molecular mechanisms 
underlying synaptic enhancement remain obscure (Messaoudi et al.  2007 ; Plath 
et al.  2006 ). 

  Arc  is also implicated in other types of synaptic adaptive changes, termed synap-
tic homeostasis. Synaptic scaling is a cell-wide homeostatic mechanism that changes 
the strength of all synapses in response to the perturbation of synaptic inputs 
(Turrigiano  2008 ,  2012 ). Through this mechanism, when the synaptic activity of 
neurons in the neuronal network is chronically suppressed, for example by the 
sodium channel blocker tetrodotoxin, the strength of neuronal synapses is globally 
augmented. Meanwhile, opposite situation such as chronic enhancement of synaptic 
activity with GABA receptor antagonists result in globally reduced synaptic effi -
ciency. This bidirectional change at each synapse occurs in proportion to the initial 
strength (i.e., a multiplicative function), thus termed synaptic scaling. Synaptic scal-
ing is generally thought to be advantageous for maintaining neuronal excitability 
within a certain dynamic range without affecting relative balance between strong 
and weak synapses (Turrigiano  2008 ). Activity-regulated Arc expression together 
with Arc’s role in promoting AMPAR endocytosis constitutes a cell-autonomous 
mechanism that accounts for the homeostatic control of AMPAR surface expression 
levels (Shepherd and Huganir  2007 ). If all synaptic activity is chronically sup-
pressed, neurons will shut down activity-dependent Arc expression. This reduction 
of Arc expression would favor the enhancement of synaptic strength, leading to the 
augmentation of cellular excitability. Conversely, if neurons continuously receive 
strong inputs to a majority of synapses, Arc will be robustly induced and accumu-
late throughout the neuronal somata and dendrites. In turn, this augmented Arc 
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expression would reduce overall synaptic strength within the activated neurons, 
decreasing responsiveness to excitatory inputs. In this way, cellular responsiveness 
or excitability is homeostatically controlled, at least in part, by activity-regulated 
Arc expression (Fig.  6.2b ). Consistent with this model, synaptic scaling of AMPARs 
is lost in neurons lacking  Arc  (Beique et al.  2011 ; Shepherd et al.  2006 ).  

6.4     Inverse Synaptic Tagging of Arc 

 The maintenance of long-term synaptic plasticity requires  de novo  synthesis of tran-
scripts and proteins during a particular time window after synapses receive 
plasticity- inducing stimuli (Cooke and Bliss  2005 ; Kandel  2001 ; Morris et al.  2003 ; 
Okuno  2011 ). During this time window, newly synthesized plasticity-related pro-
teins are thought to act at postsynaptic sites to facilitate the establishment and main-
tenance of long-term synaptic modifi cations (Redondo and Morris  2011 ; Rogerson 
et al.  2014 ). However, a fundamental question remains: how do the plasticity-related 
proteins, which are synthesized at the soma and dendrites, selectively target the 
synapses undergoing plastic changes? The synaptic tagging and capture hypothesis 
adopts a conceptual framework in which activity-triggered local changes at synaptic 
sites (i.e., synaptic tagging) permit the use of activity-induced plasticity-related pro-
teins (i.e., capture) to stabilize and maintain changes in synaptic effi cacy (Frey and 
Morris  1997 ; Martin et al.  2000 ; Morris  2006 ). The synaptic tagging and capture 
hypothesis succinctly explains how protein synthesis-dependent LTP reconciles 
input-specifi c synaptic modifi cations with the broad cellular distribution of newly 
synthesized proteins required for LTP maintenance (Govindarajan et al.  2006 ; 
Redondo and Morris  2011 ). 

 An opposite but non-mutually exclusive hypothesis is the  inverse  synaptic tag-
ging model, which assumes the existence of synaptic tags that mark  non-potentiated  
synapses and are involved in processes to prevent these synapses from being 
strengthened. A recent study indicates that Arc is involved in such an inverse syn-
aptic tagging process (Okuno et al.  2012 ). The framework of the inverse synaptic 
tagging of Arc is described below. 

6.4.1     Activity-Induced Arc Is Preferentially Accumulated 
in Inactive Synapses 

 As described above,  Arc  mRNA and protein expressions are tightly regulated by 
synaptic activity; LTP-inducing stimulation is the one of the most effective stimuli 
for inducing  Arc  in the hippocampus (Link et al.  1995 ; Moga et al.  2004 ; Steward 
et al.  1998 ). Furthermore,  Arc  mRNA and protein accumulate around the dendritic 
areas where strong inputs are delivered (Moga et al.  2004 ; Steward and Worley 
 2001 ; Wallace et al.  1998 ). Based on these observations, it is widely speculated that 
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Arc protein directly regulates LTP induction and/or maintenance at LTP-expressing 
synapses (Bramham et al.  2010 ). However, recent experimental evidence suggests 
otherwise; Arc protein accumulates at the postsynapse when neuronal activity is 
pharmacologically suppressed both  in vitro  and  in vivo  (Kim et al.  2012 ; Okuno 
et al.  2012 ). Consistently, the synapse-specifi c presynaptic inhibition with tetanus 
toxin results in the site-specifi c accumulation of Arc protein at the postsynapses 
opposed to the inhibited presynapses. These experimental results suggest that Arc 
preferentially targets postsynapses under synaptically inactivated conditions (Fig. 
 6.3 ). If so, how does newly synthesized Arc behave in dendrites when synapses are 
activated, for example, by LTP-inducing stimulation? Administration of strong syn-
aptic inputs leads to volume expansion in a subset of postsynapses, which reliably 
represents synaptic enhancement in individual synapses (Harvey and Svoboda 
 2007 ; Matsuzaki et al.  2004 ). Live imaging of Arc dynamics at dendrites shows that 

Late phase of synaptic plasticity
Active synapsesInactive synapses

Active synapses

Early phase of synaptic plasticity

Arc/Arg3.1

  Fig. 6.3    Selective accumulation of activity-induced Arc/Arg3.1 in inactive synapses during the 
late phase of synaptic plasticity. Upon receiving plasticity-inducing synaptic inputs, newly synthe-
sized Arc is delivered to the dendrites ( top ). Arc is then gradually lost from active synapses but 
accumulates in inactive synapses during a following period ( bottom ). This Arc accumulation in the 
inactive synapses relies upon selective interaction with the inactive form of CaMKIIβ       
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newly synthesized Arc at the soma is less incorporated in expanded synapses, 
which are presumably active LTP-induced sites, compared to non-expanded inac-
tive synapses (Okuno et al.  2012 ). These fi ndings collectively indicate the preferen-
tial targeting of activity-induced Arc protein into inactive rather than active 
synapses (Fig.  6.3 ).

6.4.2        Molecular Mechanisms of Arc Accumulation in Inactive 
Synapses: Dynamic Interaction between Arc 
and CaMKIIβ 

 Arc protein possesses several domains involved in protein-protein interactions; bio-
chemical screening has indeed unveiled several proteins that interact with Arc (Fig. 
 6.1b ) (Bloomer et al.  2007 ; Chowdhury et al.  2006 ; Donai et al.  2003 ; Korb et al. 
 2013 ). Some Arc-interacting proteins are related to endocytic processes, while oth-
ers are synaptic or nucleic proteins. Among those, so far reported, calcium/calmod-
ulin dependent kinase type II (CaMKII) is the only protein whose interaction with 
Arc is dynamically regulated (Okuno et al.  2012 ). 

 CaMKII is one of the most abundant proteins associated with the postsynaptic 
density and acts as a key signaling mediator that may decode the spatiotemporal 
patterns of Ca 2+  mobilization into kinase activity (Hudmon and Schulman  2002 ; 
Kennedy  2000 ; Lisman et al.  2002 ). CaMKII dynamically changes its conformation 
upon Ca 2+  and calmodulin binding. Under Ca 2+ /CaM-unbound conditions, the cata-
lytic domain of CaMKII is masked by its regulatory domain (i.e., autoinhibitory 
domain), thus suppressing its kinase activity (Giese et al.  1998 ; Irvine et al.  2006 ). 
This state of CaMKII is referred to as its inactive form. Upon Ca 2+ /CaM-binding, 
the autoinhibitory domain moves away from the catalytic domain; in this state, 
CaMKII exerts kinase activity on its substrates (i.e., active form). Two neuron- 
specifi c isoforms, CaMKIIα and CaMKII β,  which are both expressed at synapses, 
have been suggested to have distinct biochemical properties and physiological roles 
in the regulation of synaptic functions (Fink et al.  2003 ; O’Leary et al.  2006 ; 
Okamoto et al.  2007 ; Thiagarajan et al.  2002 ). Interestingly, despite the overall high 
similarity between these isoforms, CaMKIIα and CaMKII β  act differently on Arc 
protein. The inactive form of CaMKII β  has a higher affi nity for Arc than its active 
form, while the active form of CaMKIIα binds more readily to Arc than its inactive 
form (Okuno et al.  2012 ). Furthermore, CaMKII β  has greater affi nity for Arc than 
CaMKIIα. Therefore, CaMKII β  rather than CaMKIIα likely plays a dominant role 
in Arc regulation at neuronal synapses. Because the activity state of CaMKII is 
mainly regulated by synaptic activity at the postsynaptic site (Fujii et al.  2013 ; Lee 
et al.  2009 ), Arc’s synaptic localization at inactive synapses is possibly regulated 
through the strongest interaction between inactive CaMKII β  and Arc, especially 
under synaptically suppressed conditions. Indeed, CaMKII β  knockdown or knock-
out results in a dramatic decrease in Arc enrichment at synapses both  in vitro  and  in 
vivo  (Okuno et al.  2012 ). 
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 CaMKII β  is structurally distinct from CaMKIIα in that it has a unique amino 
acid sequence essential for specifi c binding to F-actin (O’Leary et al.  2006 ; Okamoto 
et al.  2007 ; Shen et al.  1998 ). Furthermore, Arc binds indirectly to F-actin (Lyford 
et al.  1995 ). Therefore, the inactive form of CaMKII β  could serve as a molecular 
scaffold linking F-actin and Arc at the postsynaptic density. Interestingly, the 
F-actin/CaMKII β  complex is disrupted in the presence of Ca 2+ /CaM (Fink et al. 
 2003 ; O’Leary et al.  2006 ; Okamoto et al.  2007 ), similar to the destabilization of the 
Arc interaction with active CaMKII β . Therefore, sustained low Ca 2+  concentration 
during synaptic inactivity would favor the stabilization of the F-actin/CaMKII β /Arc 
complex. However, it remains unclear whether the F-actin/CaMKII β /Arc complex 
accounts for Arc’s effect on dendritic spine morphology (Peebles et al.  2010 ).  

6.4.3     Arc in Inactive Synapses Reduces AMPAR Expression 

 At the postsynapse, Arc reduces the surface expression of AMPARs by facilitating 
endocytic processes (Fig.  6.2 ) (Chowdhury et al.  2006 ; Rial Verde et al.  2006 ). 
Thus, the preferential targeting of Arc to less active synapses via interaction with 
inactive CaMKII β  would provide a mechanism for the synapse-specifi c control of 
AMPAR traffi cking according to the history of local synaptic activity and inactivity. 
Indeed, the concentration of Arc at synapses during inactivity is negatively corre-
lated with the surface expression levels of the GluA1 subunit of AMPARs at indi-
vidual synapses (Fig.  6.4a ) (Okuno et al.  2012 ). These fi ndings indicate that the 
degree of maintenance of newly synthesized Arc in the synaptic pool quantitatively 
determines GluA1 turnover in an input-specifi c manner. Furthermore, the down- 
regulation of GluA1 surface expression in Arc-containing synapses but not Arc- 
lacking synapses is consistent with the notion that an inactivity-modulated 
concentration gradient of Arc plays a role in the clearance of initially upregulated 
GluA1 from less active synapses during the late phase of LTP (Kim et al.  2012 ). 
Because the number of glutamate receptors at the postsynaptic surface directly 
determines synaptic strength between neurons, Arc’s role in AMPAR regulation 
critically contributes to maintaining weak synapses weak, while allowing strong, 
essential synapses to remain strong (Fig.  6.4b ).

6.4.4        Inverse Synaptic Tagging 

 Although it is postulated and widely accepted that the tag-captured plasticity-related 
protein interaction provides the basis for the persistence of enhanced synaptic 
strength at stimulated inputs, the Arc dynamics described above suggest an alterna-
tive scenario (Fig.  6.5 ). In this scenario, some “inverse tags” may be specifi cally 
generated to sort newly synthesized plasticity-related proteins to inactive synapses 
via a molecular inactivity-sensing mechanism, thereby facilitating the shunting of 
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  Fig. 6.4    Synapse-specifi c regulation of AMPARs by Arc/Arg3.1. ( a ) Synaptic Arc concentration 
determines surface expression levels of GluA1 in individual synapses. Representative triple immu-
nostaining of a dendritic segment from hippocampal neurons in which Arc is induced and accumu-
lates in synapses during synaptic inactivation. Framed areas are expanded on the  right . Some 
spines contained high surface GluA1 signals but low Arc signals ( yellow arrows ), whereas others 
displayed the opposite pattern ( orange arrows ). Scale bar, 5 μm. Figures are reproduced from 
Okuno et al. ( 2012 ) with permission of Elsevier. ( b ) A model of Arc function on AMPAR clear-
ance at active and inactive synapses. The surface expression of AMPARs is augmented at the 
synapses that receive strong inputs, which also trigger Arc induction. During the late phase of post 
stimulation, Arc is differently maintained in the synapses depending on the amount and history of 
synaptic activity. In the synapses that receive frequent inputs (active synapses), CaMKIIβ more 
likely to be activated, and thus its interaction with Arc is often weakened. As a result, Arc tends to 
fl ow out from the synapses. In contrast, synapses with low activity (inactive synapses) are more 
likely to contain the inactive form of CaMKIIβ, which provides a scaffold for Arc at the synapse. 
The CaMKIIβ-stabilized Arc has a greater chance to form a complex with the endocytic machin-
ery, which subsequently promotes AMPA-R clearance from the synapse. Through such an activity- 
dependent control of synaptic localization, Arc may contribute to synaptic homeostasis while 
active, potentiated synapses remain unaffected (Color fi gure online)       
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weak inputs. In other words, some plasticity-related proteins might be excluded 
from active synapses that contain an active synaptic tag and would instead be cap-
tured by neighboring inactive synapses expressing an inverse tag such as inactive 
CaMKII β . The selective avoidance of actively tagged synapses by a negative plas-
ticity factor such as Arc via a preferential interaction with an inverse tag may be 
considered the conceptual opposite of the classical notion of “synaptic tag and cap-
ture,” and could thus be termed an “inverse synaptic tagging” process (Fig.  6.5 ). 
However, in principle, these two mechanisms could well function in parallel, 
thereby ensuring that the contrast between strong and weak inputs remains stable 
over time. This novel working model of the synapse-specifi c role of activity-induced 
Arc at less active synapses may well reconcile the requirement for Arc during the 
late phase of various forms of long-term synaptic plasticity as well as Arc’s demon-
strated role as a cell-wide mediator of AMPAR endocytosis during homeostatic 
plasticity and synaptic scaling (Shepherd and Bear  2011 ). Furthermore, the model 
provides new mechanistic insights on how the contrast between strong and weak 
synapses is maintained during long-term synaptic plasticity.

Synaptic tagginga b Inverse synaptic tagging

Potentiated
synapse

Un-potentiated
synapses

Synaptic
strength

Un-potentiated
synapses

Potentiated
synapse

or

  Fig. 6.5    Synaptic tagging and inverse synaptic tagging models. ( a ) Synaptic tagging. During the 
induction phase of LTP, plasticity-inducing stimuli develop a putative signature (tag) within the 
activated synapses (a  red fl ag ). This “synaptic tag” serves as a mark to distinguish the synapses to 
be potentiated from other non-stimulated synapses, and stimulus-induced plasticity-related pro-
teins ( red circles ) are then captured based on the presence of the synaptic tags. The plasticity- 
related proteins are required to maintain the synaptic enhancement during the late phase of LTP. 
( b ) Inverse synaptic tagging. In contrast to the synaptic tagging, the inverse synaptic tag ( blue 
fl ags ) is created in synapses other than the synapse to be potentiated. The stimulus-induced nega-
tive plasticity-related proteins ( blue circles ) are captured in the non-potentiated synapses, and play 
a role in preventing un-desired synaptic augmentation during the late phase of LTP (Color fi gure 
online)       
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6.4.5          Synaptic Elimination 

 During postnatal development, neuronal circuits in the brain are initially formed 
through highly active synaptogenesis around birth. Subsets of synapses are subse-
quently selected and strengthened in a usage-dependent and activity-regulated man-
ner, while many excess unnecessary synapses are weakened and eventually 
eliminated (Katz and Shatz  1996 ; Lichtman and Colman  2000 ). Many distinct 
molecular and cellular mechanisms appear to be involved in the synaptic elimina-
tion processes depending on the brain region and neuronal circuit. One of the most 
well-studied synaptic elimination occurs in the developing cerebellum, wherein 
Purkinje cells initially innervated by multiple climbing fi bers are later dominated by 
a single climbing fi ber during the course of postnatal development (Kano and 
Hashimoto  2009 );  Arc  was recently reported to be critically involved in this process 
(Kawata et al.  2014 ; Mikuni et al.  2013 ). The studies show the Purkinje cell-specifi c 
knockdown of  Arc  both  in vitro  and  in vivo  signifi cantly interfere with surplus 
climbing fi ber elimination. Together with the evidence that Purkinje cell activation 
induces  Arc  mRNA and protein expression in the developing cerebellum (Mikuni 
et al.  2013 ; Smith-Hicks et al.  2010 ) and that weak climbing fi ber synapses are 
preferentially subjected to synapse elimination (Hashimoto et al.  2009 ; Hashimoto 
and Kano  2003 ), these observations are concordant with the notion that Arc plays a 
role in suppressing synaptic strength at inactive, weak synapses through the inverse 
synaptic tagging mechanism. 

 In the mature brain, although the rate is substantially reduced, synaptogenesis 
and synaptic elimination still occur continuously (Bhatt et al.  2009 ; Holtmaat and 
Svoboda  2009 ). Recent advances in imaging technologies and molecular genetics 
clearly demonstrate that synaptic structural dynamics is correlated with cognitive 
functions including memory formation and storage (Fu and Zuo  2011 ; Kasai et al. 
 2003 ). A recent study shows that during fear memory formation, synapse elimina-
tion is selectively observed in active hippocampal neurons in contextual fear- 
conditioned mice (Sanders et al.  2012 ); such synaptic changes could represent a 
compensatory adaptation to enhanced synaptic strength in a subset of synapses dur-
ing learning although whether or not these eliminated spines were functional 
remains unclear in the study. Provided that active neurons express Arc in the hip-
pocampus, the synapse elimination observed in that study is also consistent with 
Arc’s role in inverse synaptic tagging.  

6.4.6     Role of Arc in Memory Formation 

 Several independent lines of Arc-null mice exhibit a wide range of cognitive defi cits 
in tasks related to spatial memory, fear memory, taste aversion, and object recogni-
tion (Peebles et al.  2010 ; Plath et al.  2006 ). Consistently, Arc knockdown by anti-
sense oligonucleotides in rats results in spatial and fear memory impairment 
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(Czerniawski et al.  2011 ; Guzowski et al.  2000 ; Ploski et al.  2008 ). In addition, 
cortical plasticity and neuronal representation are abnormal in  Arc -knockout mice 
(Gao et al.  2010 ; McCurry et al.  2010 ; Wang et al.  2006 ). These lines of evidence 
strongly indicate  Arc  is indispensable for long-term memory formation and normal 
cortical responsiveness in the brain. Such Arc-dependent memory formation and 
cortical plasticity could be realized through inverse synaptic tagging of Arc, which 
functions to stabilize the contrast between strong and weak inputs over time by 
preventing undesired synaptic enhancement at weak synapses while sparing poten-
tiated synapses. 

 Behavioral tagging is a phenomenon that could be interpreted as  in vivo  evidence 
of the synaptic tagging demonstrated in brain slices or cultured cells (Viola et al. 
 2014 ). In this paradigm, a weak training protocol that normally only produces short- 
term memory can be transformed to create long-term memories if the training is 
combined with a novel experience during a critical time window around the training 
(Ballarini et al.  2009 ; Moncada et al.  2011 ; Wang et al.  2010 ).  Arc  knockdown by 
antisense-oligonucleotides was recently reported to interfere behavioral tagging 
processes (Martínez et al.  2012 ). However, how  Arc ’s role in the inverse tagging 
process contributes to memory enhancement in the context of behavioral tagging 
remains to be investigated.   

6.5     Conclusions 

 This chapter summarizes the function of the neuronal immediate early gene  Arc  and 
its possible roles in the inverse synaptic tagging process. The inverse synaptic tag-
ging of Arc presents new mechanistic insights on how the contrast between strong 
and weak synapses may be maintained during long-term synaptic plasticity, and 
shed light on the fundamental role of the targeting of activity-induced gene products 
to synapses as a molecular basis of memory allocation at individual synapses. 
During the past decade, Arc has become recognized as a key regulator of synaptic 
plasticity and cognitive functions in the brain (Bramham et al.  2010 ; Okuno  2011 ; 
Shepherd and Bear  2011 ). As discussed above, the dysregulation of  Arc  caused 
abnormal neuronal circuit refi nement, defi cits in neuronal plasticity, and impaired 
memory function. Animal models implicate  Arc  in various neurodevelopmental dis-
orders including fragile X syndrome (Park et al.  2008 ) and autism (Auerbach et al. 
 2011 ) as well as neurodegenerative diseases such as Alzheimer disease (Rudinskiy 
et al.  2012 ; Wu et al.  2011 ). Furthermore, recent large-scale human genetic studies 
suggest that mutations in patients with Schizophrenia are overrepresented in genes 
associated with the Arc signaling complex (Fromer et al.  2014 ; Kirov et al.  2012 ; 
Purcell et al.  2014 ). Therefore, further investigation of  Arc ’s role in the inverse syn-
aptic tagging process is required to advance our understanding of how the brain 
manages memory and cognitive functions under normal and pathological 
conditions.     
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    Chapter 7   
 CREB-Mediated Memory Enhancement       

       Anne     Tanenhaus     ,     Jiabin     Zhang     , and     Jerry     C.  P.     Yin    

    Abstract     CREB-responsive transcription is a conserved, important mechanism 
employed during memory formation. In both  Drosophila  and mice, overexpression 
of the activator isoform can enhance this process. However, in both systems, some 
confl icting data exists, providing a lingering doubt about its universality. In this 
review, we consider how molecular, cellular and systems parameters affect the fl y 
dCREB2 gene during memory formation. This multi-level analysis provides plau-
sible explanations for some of the discrepant data that exists in the fl y system, and 
perhaps can inform mouse behavioral analysis as well.  

  Keywords     CREB   •   Long-term memory   •   Memory enhancement   •   Intrinsic excit-
ability   •   Synaptic plasticity   •   Drosophila   •   cAMP signaling   •   Transcription   •   Systems 
neuroscience  

7.1         Genes and Behavior 

 How complex behavior is regulated in organisms is a timeless question, spanning 
multiple scientifi c fi elds. With the age of genetics, science gained a molecular foot-
hold on many of the fundamental questions in biology. This led to a rapid expansion 
in our understanding of how individual genes can guide cellular and organism-wide 
processes, and ultimately, remarkably, behavior. 
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 The application of  Drosophila  genetics to the study of development led to the 
dramatic isolation and understanding of homeotic mutants (Lewis  1994 ). The fi ne 
structure mapping and ultimate sequencing of these mutations showed that strategi-
cally positioned, single gene mutations could have large effects on the complex 
program of animal development (Bender et al.  1983 ). This key insight encouraged 
the subsequent search for master regulatory genes in the development of the body 
plan (Nusslein-Volhard and Wieschaus  1980 ). Ultimately, these advances embold-
ened the application of this approach to more complex processes in the brain. In the 
early 1970s, the isolation of  period  mutations in Seymour Benzer’s laboratory 
showed that single gene changes could in fact have dramatic effects on circadian 
rhythmicity, a conserved, emergent neurobiological behavior. Mutations in  period  
were characterized that could abolish, lengthen or shorten the circadian cycle 
(Konopka and Benzer  1971 ). This striking discovery raised the core question: how 
could a single molecule guide the behavior of an entire organism? What role does a 
given molecule play in a cell, and how is this cellular role integrated in a complex 
nervous system? The past 50 years of research has confi rmed that  period  is a master 
regulatory gene in a cell autonomous context, though how these cellular oscillations 
are coordinated within the many neurons that comprise the central clock, and how 
organismal periodicity emerges from the independent cycling of peripheral clocks 
located in all cells remains an active area of research. 

 Soon after the successes in dissecting the circadian system, the Benzer lab identi-
fi ed the cAMP pathway as a critical player in a simple learning and memory task, 
olfactory avoidance behavior. Mutations were isolated in genes that were involved 
in the synthesis and degradation of cAMP,  dunce/rutabaga  (Dudai et al.  1976 ,  1983 ; 
Davis and Kiger  1981 ). In parallel, discoveries pioneered in the Kandel and 
Schwartz labs characterized a role for the cAMP pathway in learning and memory 
in  Aplysia , arguing for the universal importance of this signal transduction pathway 
in learning and memory formation (Castelluci et al.  1982 ; Bernier et al.  1982 ). 

 The cAMP signaling system is a foundational, core signal transduction pathway 
(Skalhegg and Tasken  2000 ; Sassone-Corsi  2012 ). The most extensive and best- 
characterized regulator of this pathway is the large G-protein coupled receptor fam-
ily. Upon ligand binding to its cognate receptor, the GTPase exchange activity of the 
receptor leads to the dissociation of the heterotrimeric G-protein complex, and the 
free Gs or Gi subunit in turn activates or inhibits specifi c members of the large, 
adenylyl cyclase family of proteins. The subsequent increase or decrease in the rate 
of cAMP synthesis leads to the dissociation or (increased association) of the cAMP 
protein kinase (PKA) catalytic subunit. The free, dissociated PKA catalytic subunit 
can then phosphorylate substrate proteins, including the nuclear transcription factor 
CREB (or dCREB2 in fl ies) (Montminy  1997 ). Like many transcription factors, 
CREB proteins also interact with co-activators and co-repressors in the nucleus. 
CBP and CRTC (TORCS) are the two best-known co-activators that interact with all 
CREB proteins (Chrivia et al.  1993 ; Kwok et al.  1994 ; Altarejos and Montminy 
 2011 ). The interaction between all CREBs and CBP is phosphorylation-dependent, 
and involves the well-characterized S133 residue (S231 in  Drosophila ) and known 
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kinase pathways involving cAMP/PKA, MAPK, calcium (CaMKs) and possibly 
protein kinase Cs (PKCs) (Johannessen and Moens  2007 ). Other modifi cations that 
occur on conserved residues may contribute to altering the affi nity of the CREB/
CBP interaction, import/export of CREB from the nucleus, and CREB dimerization 
(Sun et al.  1994 ; Sun and Maurer  1995 ; Wu and McMurray  2001 ; Shanware et al. 
 2007 ,  2010 ; Liu et al.  2014 ). The details of the functional relationship between the 
CBP and CRTC (TORCS) co-activators and CREB-responsive transcription remain 
unclear. 

 Experiments using very different approaches in diverse organisms implicated 
CREB activity in long-term memory (LTM) formation (Dash et al.  1990 ; 
Bourtchuladze et al.  1994 ; Yin et al.  1994 ; Bartsch et al.  1995 ). Upon behavioral 
training, this family of proteins is phosphorylated on the conserved serine 133 resi-
due, and this is a generally considered a necessary step for protein:protein interaction 
with CBP, downstream transcription, and memory formation (but see also Briand 
et al.  2015  which challenges this view, S133A mutant mice have no impairment). 
This mechanism is recruited broadly for many adaptive changes in neurons and dif-
ferent cell types, and in all complex organisms (Shaywitz and Greenberg  1999 ).  

7.2     CREB and Memory Enhancement 

 In 1995, it was demonstrated that acute induction of a dCREB2-encoding transgene 
could enhance memory formation in  Drosophila  (Yin et al.  1995a ,  b ). Flies are 
capable of associative learning, which is most commonly studied in the context of 
the aversive olfactory classical conditioning paradigm. In this behavior, a single 
presentation of an odor paired with a train of electric shocks will produce a robust 
avoidance response to that odor, which persists for hours. Repeated presentations of 
the shock-odor pairing can produce two genetically dissociable forms of consoli-
dated memory. Repetitive massed training results in ARM (anesthesia resistant 
memory), which does not require  de novo  protein synthesis around the time of train-
ing (Tully et al.  1994 ; Yin et al.  1994 ). Repetitive spaced (distributed) training pro-
duces dCREB2-dependent LTM, which can last for at least 7 days (Tully et al.  1994 ; 
Yin et al.  1994 ,  1995a ,  b ). When a heat shock-driven dCREB2 isoform (C28) was 
expressed (Fig.  7.1 ), a single training trial was shown to be suffi cient to produce 
LTM (Yin et al.  1995a ,  b ). This behavioral enhancement was surprising, since most 
neuroscientists would not have predicted that manipulating a single molecule, much 
less one that is present in all cells, would have such striking effects. Shortly thereaf-
ter, it was also shown in  Aplysia  that increasing the function of CREB reduced the 
threshold for formation of long-term facilitation (LTF) (Bartsch et al.  1995 ). In 
these experiments, inhibition of the repressor isoform CREB1 permitted formation 
of LTF following a single application of serotonin, which normally produces only 
short-term facilitation (Bartsch et al.  1995 ). While surprising, these fi ndings were 
consistent with the emerging model of CREB recruitment as a molecular switch 
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point for memory consolidation. The demonstration of synaptic tagging and capture 
mechanisms showed how cell-wide transcriptional activation could result in specifi c 
synaptic facilitation, and provided a viable mechanism for memory enhancement by 
CREB activation (Frey and Morris  1997 ; Martin et al.  1997 ; Casadio et al.  1999 ). 
Finally, CREB enhancement of memory formation was demonstrated in mammals 
when it was shown that viral overexpression of CREB in the rat basolateral amyg-
dala (BLA) reduced the behavioral threshold for consolidated fear memory (Josselyn 
et al.  2001 ).

   However, a number of fi ndings emerged that complicated our understanding of 
gain-of-function roles of CREB in memory formation. First, the initial euphoria 
regarding dCREB2-mediated memory enhancement was dampened when it became 
apparent that behavioral enhancement in  Drosophila  was somewhat stochastic, and 
did not occur in every experiment. Perazzona and colleagues added to this confu-
sion when they reported a sequence rearrangement in the C28 transgene (repre-
sented by an * in Fig.  7.1 ), and their inability to recapitulate behavioral enhancement 
(Perazzona et al.  2004 ). It has also become clear that CREB can play multiple roles 
in memory formation, regulating both synaptic and intrinsic cellular plasticity 
(Benito and Barco  2010 ), and that several of these roles may be involved in CREB- 
mediated memory enhancement. Finally, it is emerging both in  Drosophila  and in 
mammals, that the functions of CREB within systems mechanisms of memory con-
solidation are much more complex than previously assumed. 

 While some of these challenges are beginning to be resolved, gain-of function 
roles for CREB in memory formation largely remain poorly understood. This chap-
ter reviews the current state of some of this research, drawing mostly from pub-
lished work in rodent and  Drosophila  studies. For the most part, we treat CREB’s 
role in both systems to be nearly identical. The work in the two systems is comple-
mentary, and results in one sometimes shed light on uncertainties in the other. There 

  Fig. 7.1     Drosophila  dCREB2 genes and transgenes involved in memory enhancement. A cartoon 
of the dCREB2 genomic region is shown at the  top . The coding exons are numbered, and the well- 
conserved P-box (which contains most of the conserved phosphorylation sites) and bZIP domains 
are indicated. The longest open reading frame begins with ATG1, and the fi rst internal start codon 
(ATG2) and the TAA stop codon at the end of the gene are shown. The C28 transgene is shown in 
the  middle  cartoon, with the site of the frame shift ( asterisk ) and the resulting STOP codon indi-
cated. ATG2 is located downstream of the STOP, and can be used for translation re-initiation, or 
internal initiation. 807 is the artifi cially truncated transgene which forces high-level initiation from 
ATG2       
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are a number of excellent reviews that touch on CREB’s role in memory  enhancement, 
and these provide alternative perspectives (Scott et al.  2002 ; Barco et al.  2003 ; 
Alberini and Chen  2012 ; Stern and Alberini  2013 ; Kida and Serita  2014 ). Future 
studies will likely reveal a nuanced picture of CREB function that refl ects its molec-
ular complexity, its diversity of function at a cellular level, and its function within 
the intricate spatio-temporal environment of neural systems.  

7.3     Molecular Mechanisms of CREB-Mediated Memory 
Formation and Enhancement 

 The fl y dCREB2 gene undergoes alternative splicing to produce a variety of mRNA 
molecules (Yin et al.  1995b ), but the biological signifi cance of most of these differ-
ent mRNAs is still unknown. As in all organisms, different dCREB2 products can 
act as transcriptional activators, or transcriptional repressors (Yin et al.  1995b ; 
Alberini  2009 ). The gene also utilizes internal translation initiation to produce trun-
cated proteins, one of which functions as an activator of CRE-mediated transcrip-
tion (Tubon et al.  2013 ). The original sequence rearrangement in the C28 transgene 
(see Fig.  7.1 ) produced a frame shift in the longest open reading frame, thus prema-
turely terminating the protein at the STOP codon shown in Fig.  7.1  (Yin et al.  1995a , 
 b ; Perazzona et al.  2004 ). However, a downstream, in-frame methionine (ATG2) 
can be used in mammalian cells and fl ies to produce a transgenic activator protein. 
When translation is forced to start at ATG2, the 807 protein binds CRE sequences, 
up-regulates CRE-luciferase and enhances memory formation. Mutating the ATG2 
codon blocks this enhancement (Tubon et al.  2013 ). Further analysis suggests that 
the endogenous  Drosophila  dCREB2 gene also uses internal translation initiation to 
make an activator protein (Tubon et al.  2013 ; Fropf et al.  2013 ). The use of an in- 
frame, internal initiation codon is not limited to the dCREB2 gene. The original 
knockout of the mouse CREB gene (which occurred at the N-terminal end of the 
longest open reading frame) resulted in up-regulation of a minor, alternatively 
spliced mRNA isoform, and the use of an internal, downstream, in-frame ATG 
codon to initiate translation (Hummler et al.  1994 ; Blendy et al.  1996 ; Lemberger 
et al.  2008 ). This compensatory molecular mechanism produced a protein with 
decreased specifi c activity that nonetheless functioned as a transcriptional activator 
(Bourtchuladze et al.  1994 ; Blendy et al.  1996 ; Kogan et al.  1997 ). 

 In addition to coding differences introduced through alternative splicing and 
internal translation initiation, the dCREB2 proteins contain all of the molecular 
motifs that have been more extensively characterized on the mammalian proteins. 
There are a large number of conserved sites for post-translational modifi cations: 
phosphorylation (up to eight different serine or threonine residues), oxidation, acet-
ylation, SUMOylation, and O-glycosylation (Sun et al.  1994 ; Goren et al.  2001 ; Lu 
et al.  2003 ; Comerford et al.  2003 ; Johannessen and Moens  2007 ; Endo et al.  2011 ; 
Rexach et al.  2012 ; Chen et al.  2014 ). Immunocytochemistry and biochemical 
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analysis also demonstrates that different subpools of protein are localized in different 
parts of cells (Cammarota et al.  1999 ; Bevilaqua et al.  1999 ; Ryu et al.  2005 ; Lee 
et al.  2005 ; Kuramoto et al.  2005 ; Chalovich et al.  2006 ; Garat et al.  2006 ; Cox et al. 
 2008 ; Takahashi et al.  2013 ; Ahmed et al.  2013 ; Liu et al.  2014 ), suggesting that 
coding differences and post-translational modifi cations likely contribute to deter-
mining the complex pattern of subcellular localization. The ultimate regulation of 
dCREB2-dependent gene expression results from the convergence of signaling 
pathways acting at the transcriptional, translational, and post-translational levels to 
affect protein expression, activity, and subcellular localization. Several mechanisms 
for CREB gain-of-function have been shown to produce sub-threshold memory for-
mation: suppression of blocker isoforms in  Aplysia  (Bartsch et al.  1995 ), viral- 
mediated overexpression of the wild type protein in fl ies (Yin et al.  1995a ,  b ; Tubon 
et al.  2013 ) and in mice (Josselyn et al.  2001 ; Brightwell et al.  2007 ; Han et al. 
 2007 ), or overexpression of two different constitutively active mutant proteins in 
mice (Restivo et al.  2009 ; Suzuki et al.  2011 ).  

7.4     Cellular Mechanisms of CREB-Mediated Memory 
Enhancement 

 Across many contexts, CREB mediates cell-wide adaptive responses. CREB- 
dependent gene expression plays a role in a plethora of cellular processes, including 
cell survival, proliferation, differentiation, metabolic regulation, synaptic plasticity, 
growth, and regulation of neural excitability (Shaywitz and Greenberg  1999 ; West 
et al.  2001 ; Mayr and Montminy  2001 ; Conkright et al.  2003 ; Dragunow  2004 ; 
Conkright and Montminy  2005 ; Wen et al.  2010 ; Benito and Barco  2010 ; Altarejos 
and Montminy  2011 ; Kandel  2012 ). Hundreds of genes, if not more, contain CRE 
elements in their promoter regions, and CREB regulates several downstream tran-
scriptional cascades (Greenberg et al.  1992 ; Zhang et al.  2005 ; Lesiak et al.  2013 ; 
Hansen et al.  2014 ). Therefore, at a cellular level, the mechanism for how gain-of- 
function in dCREB2 activity leads to memory enhancement is not straightforward. 
To date, several CREB-responsive target genes have been identifi ed that contribute 
to memory formation (e.g.  c-fos ,  BDNF ,  arc ; Sheng et al.  1991 ; Finkbeiner et al. 
 1997 ; Kawashima et al.  2009 ). However, the global nature of the cellular adapta-
tions that underlie CREB-mediated memory enhancement is incompletely charac-
terized, and likely to involve multiple cellular processes. 

7.4.1     Synaptic Plasticity 

 Prevailing models of memory formation indicate that long-term modulation of syn-
aptic function underlies memory formation and stability. It is generally accepted 
that CREB is a key component in mediating the molecular stabilization of these 
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synaptic changes (Kandel  2001 ). While neurophysiological changes are diffi cult to 
measure in  Drosophila , work in other model systems lends insight into the mecha-
nisms of CREB-mediated memory enhancement. As with LTM, sustained long- 
term potentiation (L-LTP) requires protein synthesis (Frey et al.  1993 ; Huang and 
Kandel  1994 ). Therefore, one possibility is that supplementing CREB activity 
reduces the threshold for behavioral memory by bypassing the requirement for the 
 de novo  gene expression that supports synaptic plasticity. Elegant studies demon-
strating synaptic tagging suggest that this is a viable explanation (Frey and Morris 
 1997 ). In support of this possibility, injection of phosphorylated ApCREB-1 itself 
is suffi cient to induce LTF (Bartsch et al.  1998 ; Casadio et al.  1999 ), and blocking 
the repressor form of CREB (ApCREB-2) enhances LTF (Bartsch et al.  1995 ) in 
 Aplysia . Similarly, expression of the constitutively active VP16-CREB lowers the 
threshold for induction of L-LTP in CA1 neurons, and bypasses the requirement for 
new protein synthesis in mammals (Barco et al.  2002 ). Likewise, LTP and L-LTP in 
CA1 neurons are both enhanced in transcriptionally overactive CREB Y134F  mice, 
which also show enhanced performance in spatial, social, and contextual fear mem-
ory tasks (Suzuki et al.  2011 ). Interestingly, transcriptionally overactive CREB- 
DIEDML mutant mice show enhancement in both long-term memory, and in several 
forms of short-term memory, though the threshold and molecular mechanisms for 
short-term memory and LTM enhancement are dissociable (Suzuki et al.  2011 ). 
Together, these studies suggest that CREB is suffi cient for the stabilization of long- 
term synaptic potentiation, and that these changes correlate with enhanced behav-
ioral performance. CREB also mediates morphological synaptic changes that 
support memory formation. In  Aplysia , the formation of LTF is accompanied new 
synaptic growth, that occurs downstream of CREB activity (Kandel  2001 ). Likewise, 
viral expression of an activated form of CREB, CREB-CA promotes the formation 
of silent synapses, and increases dendritic spine density in CA1 pyramidal neurons 
(Marie et al.  2005 ). In addition, CREB overexpression increases dendritic spine 
density in amygdala neurons (Sargin et al.  2013 ). These studies indicate that CREB 
is also suffi cient to support morphological synaptic plasticity that contributes to 
memory formation. 

 Pharmacological and genetic manipulations that affect epigenetic marks can also 
enhance memory formation through effects on CREB and synaptic plasticity 
(Vecsey et al.  2007 ). This greatly increases the number and type of factors that can 
affect CREB activity since epigenetic marks are known to be points of integration 
for many different stimuli.  

7.4.2     Cellular Excitability 

 Recent studies in mammals have identifi ed an additional conserved role for CREB 
in the regulation of intrinsic excitability, and it has been proposed that CREB- 
mediated modulation of excitability also contributes to memory processing (Benito 
and Barco  2010 ). In general, increasing CREB activity in neurons will increase their 
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tendency to fi re action potentials (Dong et al.  2006 ; Viosca et al.  2009 ; Zhou et al. 
 2009 ; Lopez de Armentia et al.  2007 ; Jancic et al.  2009 ). While the details of this 
mechanism have not been completely characterized, this effect can be attributed to 
an decrease in potassium conductance as well as an increase in sodium conductance 
(Dong et al.  2006 ). Therefore, it is also possible that gain-of-function in CREB 
activity leads to a state in which long-term memory is able to form by increasing 
excitability, thereby lowering the behavioral input threshold for cellular consolida-
tion. In the lateral amygdala, overexpression of CREB in certain cells, which results 
in increased excitability in those neurons, favors the recruitment of those cells into 
new fear memory traces, and enhances memory (Han et al.  2007 ; Zhou et al.  2009 ). 
Furthermore, increasing neuronal excitability in a random subset of neurons in the 
amygdala either by expression of dominant negative potassium channels, through 
the activation of DREADD receptors, or by optogenetic stimulation will also favor 
the recruitment of these cells to memory traces. Importantly, any of these stimula-
tions (increasing excitability, increasing CREB activity) delivered immediately 
before training will enhance memory formation (Yiu et al.  2014 ). This is not due to 
increased participation of cells in the memory trace, as the overall number of cells 
that are labeled during recall is not changed (Han et al.  2007 ; Yiu et al.  2014 ). 
Therefore, the memory enhancement appears to be due to intracellular effects of 
elevated excitability. Together, these studies show that elevated intrinsic excitability 
is suffi cient to enhance memory formation, and therefore provide an additional 
mechanism for CREB-mediated memory enhancement. 

 Currently, it is possible that either or both of these mechanisms contribute to 
CREB-mediated memory enhancement. Further characterization of CREB target 
genes, and which of these genes are responsible for memory enhancement will shed 
light on these issues. However, it seems most likely that changes in both synaptic 
and intrinsic excitability together contribute to an overall  cellular state  in which the 
threshold for synaptic consolidation is lowered. Therefore, regardless of the exact 
mechanism for enhancement, it is useful to conceptualize CREB activation as pro-
ducing a general permissive state that allows for long-term memory formation.   

7.5     Systems Infl uences on CREB-Mediated Memory 
Enhancement 

 Besides for molecular and cellular parameters that can infl uence memory enhance-
ment, there are systems factors that can contribute to variability in behavior. In 
particular, these systems level parameters can affect the pre-training state of the fl y, 
thereby contributing to whether memory enhancement occurs, or not. Given the role 
of CREB in determining neuronal excitability, it seems likely that these systems 
parameters work at least partially through effects on neuronal excitability, thus 
affecting the “starting state” of the animal. 
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7.5.1     Metabolic State 

 Recent work in fl ies has demonstrated that the metabolic state of the fl ies prior to 
training can contribute to memory enhancement. CRTC (TORCs) is one of the two 
co-activators that are known to interact with CREB family members. Mild fasting 
enhances memory formation in a CRTC- and dCREB2-dependent manner (Hirano 
et al.  2013 ). These experiments demonstrate that the pre-training state (fasting ver-
sus sated) of the fl y infl uences the ability to enhance memory formation, and that the 
recruitment of dCREB2 and CRTC are necessary for this process. In the resting 
(sated) state, CRTC resides in the cytoplasm under the control of phosphorylation- 
mediated tethering. When cAMP/calcium increases, and during mild starvation, 
phosphatase activity removes key phosphorylation events, and the protein enters the 
nucleus (Altarejos and Montminy  2011 ). In the nucleus, it interacts with dCREB2 
to enhance memory formation. In rodents, caloric restriction is generally thought of 
as a process that can delay the effects of aging and neurodegeneration, and perhaps 
even enhance cognition. There is at least one report of a role for CREB in this pro-
tective pathway, suggesting that it can function in the brain as a metabolic and nutri-
ent sensor (Fusco et al.  2012 ). 

 Other metabolic factors can enhance hippocampal-dependent memory formation 
in mammals. Early reports showed that glucose injected into the brain could enhance 
memory formation (Korol and Gold  1998 ; Salinas and Gold  2005 ), and more recent 
ones document the effects of insulin-like growth factor II (Chen et al.  2011 ; Stern 
et al.  2014 ). While detailed mechanistic information remains under investigation, it 
is interesting that CRTC has been shown to act as an enhancing protein when aug-
mented in the dentate gyrus (Sekeres et al.  2012 ). These independent avenues of 
research show that the metabolic state at the time of training is an important part of 
mammalian memory formation, although their direct connection with CREB 
remains unclear, and their involvement in fl ies is untested. 

 Another parameter (which may be related to metabolism) that can enhance mem-
ory formation in mammals is physical exercise. Over the years, there is a substantial 
literature demonstrating a CREB-dependent enhancing effect of exercise on mem-
ory formation (Shen et al.  2001 ; Vaynman et al.  2004 ; Yang et al.  2014 ). The molec-
ular and cellular mechanisms that are recruited remain under active investigation, 
but could include general effects on adult neurogenesis. Environmental enrichment 
is another systems level parameter that can enhance memory formation, at least 
partially through a CREB-dependent manner (Williams et al.  2001 ; Huang et al. 
 2006 ; Correa et al.  2012 ). Regardless of the similarities or differences in the mecha-
nisms that are recruited, this work on metabolism, exercise, and environmental 
enrichment demonstrates that systems parameters can affect memory enhancement, 
and that this enhancement can involve CREB.  
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7.5.2     Temporal Factors 

 It has been shown in a variety of organisms that the time-of-day affects learning 
and/or memory formation (Lyons et al.  2006 ; Ruby et al.  2008 ; Eckel-Mahan et al. 
 2008 ; Gerstner et al.  2009 ; Fropf et al.  2014 ). Under normal conditions, endogenous 
dCREB2 activity, protein subcellular localization, and abundance of different pro-
tein isoforms varies over the diurnal cycle (Belvin et al.  1999 ; Tanenhaus et al. 
 2012 ; Fropf et al.  2014 ). Most prominent is the oscillation in dCREB2 activity, as 
measured in transgenic fl ies where luciferase expression is placed under the control 
of reiterated cyclic AMP-Response Element (CRE) DNA sequences (Belvin et al. 
 1999 ). In live fl ies, reporter activity oscillates under circadian control, peaking once 
in the middle of the daytime (ZT = 6), and again in the middle of the nighttime 
(ZT = 18) (Fig.  7.2 ). Originally it could not be determined if oscillations occurred 
broadly, in many tissues, or if it was limited to certain tissue. Using a new spatially 
restricted version of the reporter, it was discovered that this oscillatory pattern in 
CRE-luciferase activity appears to occur in most, if not all, cells in the nervous 
system (Tanenhaus et al.  2012 ). This oscillatory pattern includes the regions of the 
brain that are likely to be involved in memory formation (Tanenhaus et al.  2012 ; 
Zhang et al.  2015 ), suggesting a possible mechanism for the effect of training time 
on LTM formation. Based on the oscillatory nature of the reporter transgene, the 
simplest prediction would be that performance would be best when animals are 
trained around the peaks in reporter activity, and worst when trained during the 
troughs. When tested, the time-of-day when behavioral training occurs does affect 

  Fig. 7.2    dCREB2- and CRE-dependent reporter activity oscillates. Both ubiquitously expressed 
CRE-luciferase (Belvin et al.  1999 ) and spatially restricted (Tanenhaus et al.  2012 ) CRE-luciferase 
transgenic reporter fl ies show oscillations in reporter activity. Flies entrained to a 12-h lights on 
12-h lights off schedule are measured hourly for luciferase activity in live behaving fl ies. Most, if 
not all cells exhibit this pattern of activity across the daytime ( white bar ) and nighttime ( black bar )       
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24-h memory. The nighttime peak and trough in behavioral performance match very 
well the molecular oscillations that can be detected using western blotting, and the 
general pattern of dCREB2 activity (Fropf et al.  2014 ). However, the daytime peak 
in dCREB2 activity does not result in an increase in memory formation.

   Interestingly, there is also an interaction between time-of-day and dCREB2- 
mediated enhancement of olfactory memory. When the dCREB2-activator (807 see 
Fig.  7.1 ) is expressed under the control of a heat-shock promoter and induced 
immediately before training, a sub-threshold training condition will produce robust 
LTM when animals are trained (and tested) at ZT = 11 (late-day), but not when 
trained at ZT = 6 (Tubon et al.  2013 ; see Fig.  7.3 ). Surprisingly, behavioral enhance-
ment correlates best with a trough in endogenous dCREB2 activity, rather than a 
peak. Although the data do not all line up perfectly with our simplest of expecta-
tions, it is clear that the time-of-day when training occurs has marked effects on 
memory formation, and is a factor in determining the probability of dCREB2- 
mediated memory enhancement.

7.5.3        Anatomical Factors 

 One of the major differences between CREB-related behavioral experiments in 
rodents and fl ies is the anatomical specifi city of the manipulations. In rodents, the 
use of forebrain-specifi c promoters to drive inducible transgenes, or site-directed 
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  Fig. 7.3    The time of day affects memory enhancement. Two different lines of fl ies containing the 
807 transgene (807-1 and 807-2) were tested for their ability to enhance memory formation. 
Transgenic fl ies kept under circadian entrainment were either heat-shock induced (+) or not (−), at 
the indicated zeitgeber times, allowed to recover for 90 min, and then trained with a single training 
trial. All fl ies were assayed for 24-h memory. The Performance Index (corrects − incorrects/total # 
of fl ies × 100) is plotted as a function of treatment and training time. ***p < 0.01,  T -test, N = 8       
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cannulation and viral injections, has limited the areas of the brain where CREB 
activity is altered to defi ned regions. In particular, the hippocampus and the amyg-
dala have been the most intensively targeted and studied areas. In contrast, the origi-
nal fl y enhancement experiments utilized the heat-shock promoter, which is 
ubiquitously expressed. Surprisingly, though the requirement for dCREB2 in LTM 
formation is fi rmly accepted, and the neural circuitry of olfactory memory forma-
tion is understood in some detail, it is still unclear where dCREB2 is required in 
olfactory LTM. 

 The areas of the brain that have been implicated in LTM are shown in cartoon 
form in Fig.  7.4 . NMDA receptor activity is required in the R2/R4m neurons of the 
ellipsoid body for LTM formation (Wu et al.  2007 ). These neurons form synapses in 
characteristic “ring” structures shown as green and purple concentric circles. The 
dorso-anterior-lateral (DAL) neurons (shown in red) are a pair of cells that innervate 
the mushroom body. Detailed analysis shows that dCREB2-dependent,  de novo  pro-
tein synthesis is needed in these cells for LTM formation (Chen et al.  2012 ). 
However, the major area of the brain that is involved in the association of odor and 
shock is the mushroom body, and most researchers believe that long-term memory 
will at least partially reside in a sparse circuit in this structure. The three major axo-
nal projections from the mushroom body neurons are shown in blue (the αβ lobe), 
brown (the α′β′ lobe), or yellow (the γ lobe). The calyx region, which contains the 
dendrites of these neurons, is partially obscured by the cell bodies. In spite of the 
simpler brain anatomy, the existing data suggests that systems consolidation, or 
reorganization of the learned information, does occur during  Drosophila  memory 
formation (Dubnau and Chiang  2013 ).

  Fig. 7.4    Relevant brain anatomy. A cartoon frontal view of the adult head and brain of the fruit fl y 
shows some of the anatomical regions involved in memory formation. All cell bodies are shown as 
 white circles . The neuropil region of the ellipsoid body neurons is shown as a series of concentric 
rings. The R2/R4m neurons form synapses in the  green  and  purple rings . The bilaterally symmetri-
cal mushroom bodies receive synaptic information in the calyx region, which is partially obscured. 
These neurons project their axons through the characteristic lobes, which are shown using different 
colors. The αβ lobes are shown in  blue  and  dark blue , the α′β′ lobes in  brown , and the γ lobes in 
 yellow  (Color fi gure online)       
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   Recent experiments that ask about the requirement for dCREB2 activity in the 
mushroom body during memory formation have produced discrepant results. When 
a dCREB2 blocker transgene is induced throughout the mushroom body, there is 
either no effect, or disruption, of 24-h memory (Chen et al.  2012 ; Hirano et al. 
 2013 ). One possible difference between the two experiments is the gene dosage of 
the dCREB2 blocker transgene (Hirano et al.  2013 ). However, data gathered using 
the new, spatially restricted transgenic CRE-reporter fl y suggests another possible 
resolution to the differing results (Zhang et al.  2015 ). When this reporter is used to 
survey dCREB2 activity in different brain regions during memory consolidation, a 
complex pattern of changes occurs. These experiments utilize two groups of fl ies, 
ones that receive repetitive, forward-paired, spaced training and genetically identi-
cal ones that receive repetitive, backwards-paired, spaced training. Only fl ies that 
receive the forward-paired training produce long-term memory. Across different 
experiments, reporter activity can be measured in different anatomical regions. 
Interestingly, in different lobes of the mushroom bodies, and even sub-lobes within 
one region, there are different patterns in the response of the reporter to memory 
formation (Zhang et al.  2015 ). In certain sub-regions of the αβ lobes (those driven 
by the c772/c747 drivers), there is an  increase  in dCREB2 activity immediately 
after the end of training (relative to the control, backwards-paired group), but the 
differences disappear about 12 h after the end of training (N. B. In the tissues which 
have been tested, both forward- and backwards-paired groups show increases in 
activity over an untrained control group [J. Zhang, personal communication]). In 
other regions of the αβ lobes (driven by the c739 driver), and in the γ lobe (driven 
by 1471), reporter activity is substantially  suppressed  for about two days in the 
memory group, before increases emerge in the forward-pairing group in the third 
and fourth days (Zhang et al.  2015 ). In the α′β′ region, there are no changes between 
the two groups. These bidirectional changes in dCREB2 activity in different regions 
of the mushroom body lobes could contribute to the experimental differences previ-
ously described (Chen et al.  2012 ; Hirano et al.  2013 ). When the blocker is overex-
pressed in all regions of the mushroom body, it would be predicted to have opposite 
effects in different regions. If the net effects are equivalent, they would cancel each 
other out, and there would be no effect on LTM formation (Chen et al.  2012 ). If, 
however, the effect in the c772/c747 region is more dominant, then the blocker 
would be predicted to impair LTM (Hirano et al.  2013 ). The “state” of the fl y at the 
time of training might have been different in the two experiments, and tipped the 
balance one way or the other. 

 Outside of the mushroom body, dCREB2 activity is increased in the R2/R4m 
neurons and remains elevated for several days (Zhang et al.  2015 ). Therefore, in the 
fl y brain, dCREB2 activity increases and decreases in different brain regions after 
training, depending upon the area, and the time point that is measured after the end 
of training. Notably, these changes occur over a relatively long timescale (hours to 
days), distinct from acute CREB recruitment, which is measured on the scale of 
minutes (Fropf et al.  2013 ). Based on the mammalian work on CREB and intrinsic 
excitability (see above), an appealing interpretation is that these activity curves rep-
resent the excitability state of different populations of neurons. Figure  7.5  presents 
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a cartoon summary of the changes in reporter activity (presumably excitability) in 
the forward-paired fl ies relative to the backwards-paired fl ies for each different 
region. The three different patterns of change during memory consolidation suggest 
that ubiquitous manipulations of gain- or loss-of-function in dCREB2 activity may 
have counteractive effects in different brain regions, making it hard to predict their 
effects on memory formation. Although the changes are complex, they are strik-
ingly similar to previous functional imaging data describing associative changes in 
calcium responsiveness upon re-presentation of a shock-paired odor. The different 
lobes of the mushroom body showed differences in their onset kinetics and duration 
of the increased calcium response (Yu et al.  2006 ; Akalal et al.  2010 ,  2011 ). The αβ 
and γ lobes exhibited long-lasting changes, with γ lobe signals persisting out to 4 
days after pairing, and αβ lobe signals correlating with mutations that affect LTM 
formation.

   Importantly, this reporter data also suggests that the process of systems consoli-
dation requires 3–4 days before it is complete. In the fi eld, the convention of using 
24-h memory as an indicator of long-term memory is not likely to provide a com-
plete picture of what is happening at the systems level. Together, these experiments 
suggest that dCREB2 may play multiple roles in memory formation, and that mul-
tiple constraints are likely to shape the eventual set point for memory formation.   

  Fig. 7.5    Cartoon summary of reporter activity in certain brain regions during consolidation. The 
change in reporter activity ([forward-paired] − [backwards-paired]/backwards-paired) is plotted as 
a function of time after the end of training for three different regions of the brain. This change in 
the c747/c772-driven parts of the αβ lobes of the mushroom body is shown in  blue . The change in 
the c739-driven αβ sublobe neurons of the mushroom body is shown in  yellow / black . The change 
in the R2/R4m neurons of the ellipsoid body is shown in  green . Changes are bidirectional, and 
occur over a long time frame. For all groups, the changes correlate not only with forward pairing, 
but also with the requirement for rest intervals (Zhang et al.  2015 ) (Color fi gure online)       
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7.6     Summary: The Variability in Memory Enhancement 

 The interconnectivity of the molecular, cellular and systems aspects of dCREB2 
activity reveal many different reasons why memory enhancement can be inconsis-
tent. The complexity of the dCREB2 gene, and the redundancy in the mammalian 
CREB superfamily (consisting of the CREB, CREM and ATF-1 genes), clearly 
show that compensatory molecular mechanisms exist, and are deployed, to contrib-
ute to a “molecular homeostasis” in CREB-mediated transcription. This molecular 
fl exibility likely means that dCREB2-responsive transcription never deviates too far 
from a baseline state, and that any transgenic molecular perturbation will result in 
pushback at the molecular level through the endogenous gene(s). 

 It is currently believed that CREB and dCREB2 can contribute to two different 
cellular mechanisms involved in memory formation: synaptic plasticity and intrin-
sic excitability (which likely shapes memory allocation). When considering the 
inconsistency in behavioral enhancement, intrinsic excitability is a likely choice for 
a source of experimental variability. The pre-training behavioral state of the fl y can 
affect baseline excitability, and this could either increase or decrease the range over 
which transgenic manipulations can have their effects. Since memory formation in 
fl ies has a ceiling, it seems likely that the greatest enhancement will occur when the 
excitable state of the fl y (at the time of training) is at a minimum. 

 dCREB2-dependent memory enhancement occurs sporadically, and is an all-or- 
nothing phenomenon. Overall, there appear to be a set of conditional states that can 
affect excitability and together determine whether enhancement occurs. These 
include pre-training parameters that are usually not well controlled in fl y behavioral 
experiments, such as metabolic state, satiety and exercise (locomotor activity), all of 
which are generally assumed to be equivalent when different groups of fl ies are 
trained. The time-of-day when training occurs, or transgene induction happens, also 
affects memory formation, and can determine whether behavioral enhancement 
occurs or not. Finally, the complex anatomical pattern of dCREB2 activation during 
memory processing likely contributes to variable responses in different brain regions 
to ubiquitous dCREB2 transgene induction. Since these responses can be opposite 
in directionality, the pre-training factors could bias competition between different 
sub-regions, thus affecting whether enhancement occurs or not. In addition to these 
factors, it is likely that many of the conditional states that restrict or permit memory 
enhancement are still unidentifi ed. Further characterization of these states will pro-
vide signifi cant insight into the phenomenon of memory enhancement, and into the 
gating of memory formation in general. 

 Although CREB-mediated memory enhancement in the mouse system is less 
controversial than in fl ies, the earlier data demonstrating the necessity of CREB 
activity in memory formation (using loss-of-function approaches) had its share of 
disagreement (Gass et al.  1998 ; Balschun et al.  2003 ). While it is always possible 
that the details of lab-to-lab genetic backgrounds or behavioral protocols differ in 
subtle but important ways, it seems equally possible that some of the systems-level 
issues that affect fl y memory enhancement could affect the experiments testing 
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CREB’s role in memory formation. Since the loss-of-function genetic manipula-
tions involved gene knock-outs, the pressure for genetic compensation (to allow for 
development) increases, and modulatory factors (like the systems-level parameters 
mentioned previously) become more critical. Because this signaling pathway is 
positioned to respond to molecular, cellular and systems factors, compensation at 
one or more of these levels can contribute to unexpected results.  

7.7     Genes, Neurons and Circuits 

 Since the initial discoveries in  Drosophila  and  Aplysia  that individual genes could 
function as regulators of complex behavior, there has been a fundamental shift in the 
way that genes are viewed. This shift has bridged the fi elds of molecular genetics 
and behavioral neuroscience, and has uncovered the challenge of how specifi c 
molecular events fi t into larger neural systems. Among these fi rst behavior genes, 
 CREB  and  period  stand out as ancient core transcriptional regulators whose behav-
ioral function is conserved in the most basic and in the most complicated nervous 
systems.  Period  is now understood to function cell autonomously (to set cellular 
transcription rhythms), within and between the central clock cells (to set a central 
rhythm), and in peripheral clocks to synchronize central and peripheral rhythms. 
This work serves as a case study for how a cell autonomous molecular role can be 
coherently integrated within a whole organism. Like Period, the cAMP/PKA/CREB 
signaling pathway functions within cells, responds to changes between cells, and is 
involved with altering the state of the organism in response to systems-level changes. 
However, how this transduction system affects events throughout these levels, and 
how this information is ultimately integrated into a functional system is yet to be 
fully understood. The phenomenon of CREB-mediated memory enhancement is 
particularly remarkable, given the diverse cellular and systems-level functions that 
contribute to memory formation itself. That CREB itself  can  enhance memory for-
mation, and that this capability is conserved across species suggests a certain inher-
ent unity in its role in memory formation. Nonetheless, the picture that is emerging 
suggests that CREB is a multi-functional molecule, with varied inputs, outputs, and 
roles among different neurons. Future research promises to reveal a set of processes 
as intricate, but also as congruent as all biological systems.     
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    Chapter 8   
 Epigenetics and Memory       

       Glenn     E.     Schafe     

    Abstract     Interest in the role of ‘epigenetic’ modifi cations in learning and memory 
processes has escalated rapidly in recent years, due, in part, to the promise of 
answering long-standing basic science questions about how memories are acquired, 
stored and maintained over time in the brain. Epigenetic mechanisms, including 
modifi cations of chromatin structure and DNA methylation, have long been studied 
in the context of developmental biology. Recent studies, however, have shown that 
many of these same mechanisms are conserved in the adult nervous system, where 
they continue to infl uence gene expression in the context of long-lasting behavioral 
change. Within the fi eld of memory research, it has recently been suggested that 
environmentally-driven alterations in epigenetic processes may represent an ideal 
candidate mechanism for long-term memory storage and maintenance. In this chap-
ter, I review the role of both chromatin modifi cations and DNA methylation in sev-
eral different forms of mammalian memory and associated synaptic plasticity, 
including a discussion of their involvement in distinct memory-related processes 
such as consolidation, reconsolidation and extinction. The study of epigenetics in 
the context of memory holds potential promise for the treatment of neurological 
conditions that are characterized by memory impairment, as well as psychological 
conditions such as drug addiction and post-traumatic stress disorder (PTSD) that are 
characterized by persistent unwanted memories.  

  Keywords     Epigenetics   •   Memory   •   Consolidation   •   Reconsolidation   •   Extinction  

8.1         Introduction 

 Traditional views of memory formation and consolidation have emphasized the 
importance of NMDA receptor (NMDAR)-driven alterations in protein kinase sig-
naling cascades, the activation of transcription factors, and associated changes in 
gene expression and  de novo  protein synthesis that are thought to be critical for 
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long-term memory and synaptic plasticity (Milner et al.  1998 ; Barco et al.  2006 ). 
Within the last decade, however, it has become increasingly clear that ‘epigenetic’ 
mechanisms play an additional critical role in transcriptional regulation, synaptic 
plasticity, and long-term memory formation (Levenson and Sweatt  2005 ; Levenson 
et al.  2006 ; Barrett and Wood  2008 ; Jiang et al.  2008 ). Broadly speaking, the fi eld 
of epigenetics is concerned with alterations in gene expression that are caused by 
mechanisms other than changes in the underlying DNA sequence itself. Epigenetic 
mechanisms, including modifi cations of chromatin structure and DNA methylation, 
have long been studied in the context of developmental biology (Levenson and 
Sweatt  2005 ; Day and Sweatt  2010 ), where they are thought to promote enduring 
alterations in the way genes are expressed (or not expressed) during the process of 
cellular differentiation. Recent studies, however, have shown that many of these 
same mechanisms are conserved in the adult nervous system, where they continue 
to infl uence gene expression in the context of long-lasting behavioral change. 
Within the fi eld of memory research, it has recently been suggested that 
environmentally- driven alterations in epigenetic processes may represent an ideal 
candidate mechanism for long-term memory storage and maintenance (Day and 
Sweatt  2010 ,  2011a ,  b ,  c ). In this chapter, I will review the role of both chromatin 
modifi cations and DNA methylation in several different forms of mammalian mem-
ory and associated synaptic plasticity, including a discussion of their involvement in 
distinct memory-related processes such as consolidation, reconsolidation and 
extinction.  

8.2     Chromatin Modifi cations, Synaptic Plasticity 
and Memory Consolidation 

 Modifi cations of chromatin structure have been by far the most widely studied epi-
genetic modifi cation in the context of learning and memory. Chromatin consists of 
strands of DNA packaged tightly around a core of eight histone proteins, two each 
of histones H2A, H2B, H3, and H4. Collectively, this arrangement of DNA and 
histone proteins is known as the ‘nucleosome’ (Fig.  8.1a ). Each histone protein is 
associated with a ‘tail’ on its N-terminus which projects out of the nucleosome 
complex and serves as the principal site by which histones, and therefore chromatin, 
may be regulated in a post-translational manner. In its unmodifi ed state, chromatin 
is highly condensed as the result of tight binding of histones to DNA via positively 
charged lysine residues on the N-terminal tails of histone proteins (Fig.  8.1b ). As a 
consequence, unmodifi ed chromatin, which is sometimes referred to as ‘heterochro-
matin’, is typically not permissive to transcription (Levenson and Sweatt  2005 ; 
Tsankova et al.  2007 ). Chromatin, however, may be dynamically regulated in a 
post-translational manner via a variety of modifi cations, including acetylation, 
methylation and phosphorylation, with histone acetylation by far the most widely 
studied in the context of memory research. The acetylation of histones on their 
N-terminal tails via enzymes known as histone acetyltransferases (HATs) 
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neutralizes the positive charge on the lysine residue, causing chromatin structure to 
relax. In this uncondensed ‘euchromatin’ state, chromatin is permissive to the 
recruitment of transcription factors and to enhanced transcription of memory-
related genes (Fig.  8.1c ). A number of proteins have been identifi ed to possess HAT 
activity, including the CREB binding protein (CBP), the E1A-associated protein 
(also known as ‘p300’ for its molecular weight), and the p300-CBP associated fac-
tor (PCAF) (Korzus et al.  2004 ; Kouzarides  2007 ; Barrett and Wood  2008 ; Barrett 
et al.  2011 ). Histone acetylation may also be reversed by a second class of enzymes 
known as histone deacetylases (HDACs) (Varga-Weisz and Becker  1998 ; Turner 
 2002 ; Yang and Seto  2007 ), of which several families and 11 known isoforms exist 
in the rat (Fischer et al.  2010 ; Broide et al.  2007 ). “Class I” HDACs, which include 
HDAC 1 and HDAC 2, are widely distributed in the central nervous system where 
they are believed to serve as potent negative regulators of synaptic plasticity and 
memory formation (Guan et al.  2009 ).

  Fig. 8.1    Modifi cation of chromatin structure by histone acetylation. ( a ) Chromatin consists of 
strands of DNA packaged tightly around a core of eight histone proteins, two each of histones 
H2A, H2B, H3, and H4. ( b ) In its unmodifi ed state, chromatin is highly condensed. As a conse-
quence, unmodifi ed chromatin, which is sometimes referred to as ‘heterochromatin’, is typically 
not permissive to transcription. ( c ) The acetylation of histones on their N-terminal tails via enzymes 
known as histone acetyltransferases (HATs) neutralizes the positive charge on the lysine residue, 
causing chromatin structure to relax. In this uncondensed ‘euchromatin’ state, chromatin is per-
missive to the recruitment of transcription factors and to enhanced transcription. Histone 
de- acetylases (HDACs) can reverse this process       
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   Modifi cations in chromatin structure have been widely implicated in synaptic 
plasticity and in several different types of memory. One of the earliest studies to 
implicate histone and/or lysine acetylation in memory formation was published in 
2001 by Michael Swank and David Sweatt ( 2001 ). Using a novel taste learning 
paradigm in mice, they showed that exposure to a novel taste induces a long-lasting 
increase in lysine acetylation within the insular (gustatory) cortex (Swank and 
Sweatt  2001 ), a cortical region that is known to be critical for long-lasting taste 
memories (Rosenblum et al.  1993 ; Berman et al.  1998 ,  2000 ). In subsequent work 
from the Sweatt lab, contextual fear conditioning was observed to increase acetyla-
tion of histone H3 in area CA1 of the hippocampus, an effect which was down-
stream of NMDAR activation and signaling via the extracellular signal-regulated 
kinase (ERK) (Levenson et al.  2004 ). Further, pharmacological inhibition of HDAC 
activity with the compounds trichostatin A (TSA) or sodium butyrate (NaB), which 
both prevent de-acetylation, was observed to enhance long-term potentiation (LTP) 
in hippocampal area CA1 in a transcription-dependent manner. In behavioral exper-
iments, systemic administration of NaB prior to fear conditioning was observed to 
enhance the consolidation of contextual fear memory; that is, long-term memory, 
tested 24 h after training, was signifi cantly impaired, while short-term memory, 
tested 1 h after training, was not affected (Levenson et al.  2004 ). 

 These initial fi ndings implicating HDAC activity in the consolidation of contex-
tual fear memory have been subsequently extended to include other hippocampal- 
dependent memory tasks, including spatial memory and object recognition (Guan 
et al.  2009 ; Stefanko et al.  2009 ; Zhao et al.  2010 ). Using a combined pharmaco-
logical and molecular genetic approach, Li-Huei Tsai’s group, for example, showed 
that treatment with the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA), 
which selectively targets HDAC1 and HDAC2, enhances LTP in hippocampal area 
CA1 as well as contextual fear conditioning (Guan et al.  2009 ). Further, genetic 
over-expression of HDAC2, but not HDAC1, was observed to impair LTP in hip-
pocampal area CA1 as well as spatial learning in the Morris water maze and contex-
tual fear conditioning (Guan et al.  2009 ). Conversely, mice that lacked HDAC2 
exhibited enhanced contextual fear conditioning and LTP in area CA1 (Guan et al. 
 2009 ). That same year, Marcelo Wood’s group showed that pharmacological inhibi-
tion of HDAC activity using systemic administration of NaB enhanced long-term 
memory for object recognition (tested 24 h after training) using a version of the task 
that normally results in very little memory retention (Stefanko et al.  2009 ). 
Remarkably, this effect persisted for at least 7 days. Short-term memory, tested 
within hours after training, was not affected (Stefanko et al.  2009 ). These results 
paralleled those of a previous study from the same group that showed that HDAC 
inhibition can elicit a transcription-dependent late-phase LTP using a stimulation 
protocol that normally produces only short-lasting LTP (Vecsey et al.  2007 ). Similar 
fi ndings have been reported in the crab  Chasmagnathus,  where treatment with the 
HDAC inhibitor NaB was observed to promote long-term memory formation in a 
version of the context-signal memory task that typically produces only short-lasting 
memory (Federman et al.  2009 ). 
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 Histone de-acetylation has also been implicated in amygdala-dependent ‘cued’ 
fear conditioning. A relatively early study from Po Wu Gean’s lab observed that 
forskolin-induced LTP at cortical inputs to the lateral amygdala (LA) is enhanced 
by bath application of the HDAC inhibitor TSA (Yeh et al.  2004 ). Further, intra- 
amygdala infusion of TSA was observed to enhance long-term retention of fear- 
potentiated startle to a visual conditioned stimulus, while short-term memory was 
not affected (Yeh et al.  2004 ). Consistent with these fi ndings, Tim Bredy and Mark 
Barad showed that systemic administration of the HDAC inhibitor valproic acid 
enhances amygdala-dependent auditory fear conditioning (Bredy and Barad  2008 ). 
Most recently, work from my own lab has shown that auditory fear conditioning 
leads to an increase in histone H3 acetylation in the LA. Further, bath application of 
the HDAC inhibitor TSA to amygdala slices enhances stimulation-induced LTP at 
both cortical and thalamic inputs to the LA, and intra-LA infusion of TSA enhances 
the consolidation of an auditory fear memory; short-term memory, tested within 
hours of training, is not affected, while long-term memory, tested 24 h after training, 
is signifi cantly enhanced (Monsey et al.  2011 ). 

 The role of HAT activity in synaptic plasticity and memory formation has also 
been extensively studied. To date, the majority of studies examining the requirement 
of specifi c HATs in memory processes have focused on CBP and p300 using molec-
ular genetic models in the context of hippocampal-dependent memory paradigms, 
including novel object recognition, spatial memory and contextual fear memory 
(Korzus et al.  2004 ; Wood et al.  2005 ,  2006 ; Oliveira et al.  2007 ,  2011 ; Barrett et al. 
 2011 ; Valor et al.  2011 ). The methods used in these studies to manipulate CBP and 
p300 range considerably from forebrain and tissue-specifi c knockout to transgenic 
approaches, and the fi ndings are equally variable. Hippocampal LTP using tradi-
tional high-frequency stimulation protocols has been observed to be impaired in 
some (Alarcon et al.  2004 ), but not all studies (Wood et al.  2005 ). Further, at the 
behavioral level the most consistent impairment observed has been for object mem-
ory (Alarcon et al.  2004 ; Korzus et al.  2004 ; Wood et al.  2005 ,  2006 ; Oliveira et al. 
 2007 ,  2011 ; Barrett et al.  2011 ; Valor et al.  2011 ), and specifi cally long-term, but 
not short-term object memory (Alarcon et al.  2004 ; Wood et al.  2006 ; Barrett et al. 
 2011 ; Oliveira et al.  2011 ). At least one study from Ted Abel’s lab using a trans-
genic mouse that over-expressed a truncated form of CBP that lacked the HAT bind-
ing domain has observed impairments in both spatial learning and contextual fear 
memory (Wood et al.  2005 ), while other studies from the same group targeting p300 
have observed impairments in contextual fear memory but not spatial learning 
(Oliveira et al.  2007 ,  2011 ). Other groups targeting CBP have observed impair-
ments in spatial learning, but not context fear memory (Korzus et al.  2004 ) or no 
effect on either task (Oike et al.  1999 ; Valor et al.  2011 ). Further, only two studies 
have to date reported a defi cit in amygdala-dependent cued fear memory formation 
in a CBP knockout (Oike et al.  1999 ; Alarcon et al.  2004 ), while most other studies 
that have targeted either CBP or p300 have found no effect (Korzus et al.  2004 ; 
Wood et al.  2005 ,  2006 ; Oliveira et al.  2007 ,  2011 ; Valor et al.  2011 ). Interestingly, 
the Oike et al., study observed a signifi cant effect on the consolidation of cued fear 
memory (impaired long-term, but intact short-term memory), but no effect on either 
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contextual fear or spatial memory (Oike et al.  1999 ). The reasons for these discrep-
ant fi ndings are not entirely clear, but can likely be accounted for, in part, by the 
different types of molecular genetic manipulations involved in these studies and the 
regions of the brain they affect, as well as subtle variations in behavioral protocols. 
Further, given that both CBP and p300 share ~90 % sequence homology (Wang 
et al.  2008 ) it has been suggested that each of these HATs may compensate for one 
another during the formation of certain types of memory formation (Oliveira et al. 
 2011 ). If true, this might explain the lack of consistent fi ndings between different 
types of memory in studies that have targeted specifi c HATs. 

 More recently, studies have taken advantage of the commercial availability of 
broad-spectrum pharmacological inhibitors of HAT activity. While these studies 
generally lack the ability to make claims about the role of a specifi c HAT in learning 
and memory processes, they have the advantage of acutely and broadly targeting 
HAT activity in specifi c brain regions independently of potential developmental 
confounds or concerns about compensatory mechanisms (Marek et al.  2011 ; Zhao 
et al.  2012 ; Maddox et al.  2013a ,  b ). Direct infusion of the broad spectrum HAT 
inhibitor garcinol into the hippocampus or the amygdala has been shown to impair 
both object recognition (Zhao et al.  2012 ) and auditory fear memory ( Maddox et al. 
 2013a    ,  b   ) , respectively. Further, direct intra-amygdala infusion of c646, a small 
molecule HAT inhibitor that more selectively targets p300/CBP (Marek et al.  2011 ), 
has been recently observed to signifi cantly impair the acetylation of histone H3 in 
the LA following auditory fear conditioning and, in parallel, the consolidation of an 
auditory fear memory; short-term memory is intact, while long-term memory is 
signifi cantly impaired ( Maddox et al.  2013a   ,  b   ) . Further, intra-LA infusion of either 
garcinol or c646 signifi cantly impairs the consolidation of training-related neural 
plasticity in the LA; training-related enhancements in tone-evoked neural activity in 
the LA are intact during a test of short-term memory given within hours after fear 
conditioning, but are impaired, along with the fear memory, 24 h later during a test 
of long-term memory (Maddox et al.  2013a ,  b ). Collectively, these fi ndings suggest 
that HAT activity plays a critical role in the consolidation of amygdala-dependent 
cued fear memories and associated neural plasticity in the LA. 

 While histone acetylation has received the most attention in the learning and 
memory literature, other histone modifi cations, including histone methylation, have 
also been implicated in long-term memory formation. Like histone acetylation, his-
tone methylation occurs at lysine residues on the N-terminal tails of histones. 
Histone methylation can either positively or negatively regulate transcription 
depending upon the lysine residue that is methylated and the number of methyl 
groups that are added to it. Both dimethylation and trimethylation of histone 3 at 
lysine 9 (H3K9) are typically associated with heterochromatin formation and gene 
silencing, while trimethylation of histone 3 at lysine 4 (H3K4) is associated with 
euchromatin and gene activation (Sims et al.  2003 ; Martin and Zhang  2005 ). In an 
elegant study Farah Lubin and her colleagues found that contextual fear condition-
ing increases H3K4 trimethylation in hippocampal area CA1, specifi cally around 
the Zif-268 and BDNF gene promoters, two immediately early genes that have been 
widely implicated in contextual fear learning in the hippocampus (Poirier et al. 
 2008 ; Gupta et al.  2010 ; Penke et al.  2014 ). Further, mice lacking certain histone 
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de-methylating enzymes, such as  Mll , a specifi c H3K4 methyltransferase, had 
impaired context fear conditioning (Gupta et al.  2010 ). These fi ndings suggest that 
a complete understanding of the role of chromatin modifi cations in memory will 
require attention to multiple histone modifi cations and the role each plays in regu-
lating memory-related gene expression.  

8.3     DNA Methylation, Synaptic Plasticity and Memory 
Consolidation 

 The methylation of DNA is a second major source of epigenetic modifi cation that 
has been implicated in learning and memory. In contrast to histone acetylation, 
DNA methylation has typically been associated with transcriptional repression, a 
process which is catalyzed by DNA methyltransferases (DNMTs) (Miranda and 
Jones  2007 ). Several different isoforms of DNMTs exist, including DNMT1, which 
is widely considered a ‘maintenance’ DNMT, as well as DNMT3A and DNMT3B, 
which have both been shown to be critical for  de novo  methylation (Siedlecki 
and Zielenkiewicz  2006 ). Methylation of cytosines by DNMTs at cytosine- 
phosphodiester- guanine (CpG) dinucleotides on the promoter region of genes 

  Fig. 8.2    Modifi cation of chromatin structure by DNA methylation. ( a ) Methylation of cytosine 
residues on strands of DNA is catalyzed by DNA methyltransferases (DNMTs). ( b ) Cytosine 
methylation recruits methyl-DNA binding proteins, including MeCP2. The binding of MeCP2, in 
turn, recruits HDACs to the site of methylation, which promote the condensation of chromatin 
around the methylation site. The methylation of cytosine residues on DNA via DNMTs is thus 
typically thought to negatively regulate transcription via promoting heterochromatin formation 
and preventing the binding of transcription factors       
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recruits methyl-DNA binding proteins, such as MeCP2 (Chahrour et al.  2008 ; Roth 
and Sweatt  2009 ; Fig.  8.2a ). The binding of MeCP2, in turn, recruits HDACs to the 
site of methylation, which promote the condensation of chromatin around the meth-
ylation site (Razin  1998 ; Fig.  8.2b ). The methylation of cytosine residues on DNA 
via DNMTs is thus typically thought to negatively regulate transcription via pro-
moting heterochromatin formation and preventing the binding of transcription fac-
tors (Levenson and Sweatt  2005 ; Levenson et al.  2006 ; Miller and Sweatt  2007 ; 
Miller et al.  2010 ). In development, this process has been associated with gene 
silencing and cellular differentiation, and is known to be a long-lasting, static epi-
genetic modifi cation (Levenson and Sweatt  2005 ; Miranda and Jones  2007 ). Post- 
mitotic neurons of the CNS, however, are known to express high levels of DNMT 
mRNA into adulthood, which has raised the intriguing possibility that dynamic 
regulation of DNA methylation may be critical for neuronal function, including 
synaptic plasticity and memory formation.

   David Sweatt’s lab was the fi rst to systematically implicate DNA methylation in 
synaptic plasticity and memory formation. They observed that bath application of 
phorbol 12,13-diacetate (PDA), an activator of PKC, signifi cantly increases 
DNMT3A mRNA expression and promotes a signifi cant decrease in DNA methyla-
tion (or de-methylation) on the plasticity-promoting gene  reelin  in hippocampal 
area CA1 (Levenson et al.  2006 ). Further, bath application of the DNMT inhibitors 
zebularine or 5-AZA was observed to impair LTP in area CA1 induced by theta- 
burst stimulation (Levenson et al.  2006 ). In follow-up experiments aimed at extend-
ing these fi ndings to memory, Courtney Miller and David Sweatt showed that 
contextual fear conditioning leads to a signifi cant increase in DNMT3A and 
DNMT3B mRNA expression in area CA1 and that intra-hippocampal infusions of 
either zebularine or 5-AZA signifi cantly impairs contextual fear memory (Miller 
and Sweatt  2007 ). Further, contextual fear conditioning, like PKC activation, was 
observed to lead to a signifi cant de-methylation of the memory-promoting  reelin  
gene and a corresponding increase in the expression of  reelin  mRNA in area CA1. 
Conversely, fear conditioning was observed to increase methylation of the plasticity 
and memory-suppressing gene protein phosphatase 1 (PP1), which was accompa-
nied by a decrease in PP1 mRNA expression in area CA1 (Miller and Sweatt  2007 ). 
In a companion study, the same lab showed that contextual fear conditioning leads 
to increased expression of BDNF mRNA in area CA1, specifi cally on Exon 4, that 
was accompanied by an increase in histone H3 acetylation and a decrease in CpG 
methylation (de-methylation) of the BDNF exon 4 promoter (Lubin et al.  2008 ). 
Intra-CA1 infusion of the DNMT inhibitor zebularine was observed to impair con-
textual fear conditioning. Further, zebularine was observed to prevent training- 
related increases in histone H3 acetylation, de-methylation on the BNDF exon 4 
promoter and increases in BDNF mRNA expression in area CA1 (Lubin et al. 
 2008 ). More recently, a study from Karl Peter Giese’s lab observed long-lasting 
changes (up to 24 h) in BDNF gene expression and DNA methylation on the BDNF 
gene following contextual fear conditioning (Mizuno et al.  2012 ). Collectively, 
these exciting fi ndings suggest that dynamic changes in the methylation (and 
de- methylation) of genes are critical for promoting memory formation in the 
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hippocampus. More recent work has extended these fi ndings to other forms of 
hippocampal-dependent memory, including spatial learning (Feng et al.  2010 ) and 
cocaine-induced conditioned place preference (Han et al.  2010 ). 

 DNA methylation has also been implicated in amygdala-dependent cued fear 
conditioning. Experiments in my own lab, for example, have shown that auditory 
fear conditioning leads to a signifi cant increase in the protein expression of 
DNMT3A in the LA (Monsey et al.  2011 ). Further, bath application of the DNMT 
inhibitor 5-AZA impairs LTP at thalamic and cortical inputs to the LA (Monsey 
et al.  2011 ) and intra-LA infusion of the pharmacologically distinct DNMT inhibi-
tors 5-AZA or RG108 impairs both memory consolidation of auditory fear condi-
tioning and, in parallel, the consolidation of training-related neural plasticity in the 
LA; both fear memory and training-related increases in tone-evoked activity in the 
LA are intact in the short-term, but signifi cantly impaired in the long-term (Monsey 
et al.  2011 ; Maddox et al.  2014 ). 

 Given that DNA methylation is thought to negatively regulate transcription, and 
therefore should prevent memory formation, the precise mechanism by which 
DNMT  inhibition  impairs memory consolidation in both hippocampus and amyg-
dala remains, at present, poorly understood. Several observations, however, exist 
that can potentially explain this paradoxical effect. First, the fi ndings of Miller and 
Sweatt ( 2007 ) suggest that the methylation of memory suppressor genes, such as 
PP1, may play a critical role in memory formation. As described previously, they 
observed that contextual fear conditioning leads to an increase in the methylation of 
the PP1 gene and a corresponding decrease in PP1 gene expression in the hippo-
campus during the period in which contextual fear memories are being consolidated 
(Miller and Sweatt  2007 ). Further, that same study observed that treatment with the 
DNMT inhibitor 5-AZA at doses that effectively impair contextual fear memory 
prevents training-related increases in PP1 methylation and signifi cantly increases 
PP1 levels in area CA1 (Miller and Sweatt  2007 ). Thus, it appears that one mecha-
nism by which DNMT inhibitors impair synaptic plasticity and memory is by pro-
moting the expression of memory suppressor genes that would otherwise be 
suppressed by training (Miller and Sweatt  2007 ; Miller et al.  2008 ; Roth and Sweatt 
 2009 ). 

 Interestingly, a second mechanism by which DNMT inhibition may regulate 
memory formation and synaptic plasticity is by infl uencing histone acetylation 
(Miller et al.  2008 ; Roth and Sweatt  2009 ). For example, intra-CA1 infusion of a 
DNMT inhibitor has been shown to impair both contextual fear memory and the 
training-related increase in histone H3 acetylation in the hippocampus (Lubin et al. 
 2008 ; Miller et al.  2008 ). Further, pre-treatment with an HDAC inhibitor has been 
shown to rescue the contextual fear memory defi cit induced by a DNMT inhibitor 
(Miller et al.  2008 ). A similar pattern of fi ndings has been observed in the amyg-
dala. Experiments in my lab, for example, have shown that intra-LA infusion of 
5-AZA not only impairs fear memory consolidation but also signifi cantly attenuates 
the training-related increase in H3 acetylation following auditory fear conditioning. 
Further, pre-treatment with the HDAC inhibitor TSA was observed to rescue the 
memory consolidation defi cit induced by the DNMT inhibitor 5-AZA (Monsey 
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et al.  2011 ). A similar pattern of fi ndings was observed in our neurophysiology 
experiments, where co-perfusion of TSA to amygdala slices completely reversed 
the 5-AZA-infuced LTP defi cit at both thalamic and cortical inputs to the LA 
(Monsey et al.  2011 ). Thus, both histone acetylation and DNA methylation appear 
to work in concert to regulate memory formation and synaptic plasticity. 

 A third possibility involves the differential effect of methyl binding proteins, 
such as MeCP2, across different subsets of genes. As mentioned previously, MeCP2 
is typically associated with heterochromatin formation via the recruitment of 
HDACs around methylated sites on the promoter regions of genes (Razin  1998 ). 
Recent fi ndings, however, have suggested that MeCP2 can interact with the tran-
scription factor CREB1 to regulate the activation of CREB-mediated genes, sug-
gesting that DNA methylation and the binding MeCP2 at CRE sites is associated 
with transcriptional activation rather than repression (Chahrour et al.  2008 ). Thus, 
it is quite possible that the methylation of CREB-mediated genes in both the hip-
pocampus and amygdala is required for memory consolidation, which would 
explain, in part, why DNMT inhibitors impair both types of memory. Consistent 
with this notion, Farah Lubin’s lab has shown that contextual fear conditioning 
leads to an increase in both DNA methylation and the binding of MeCP2 on the 
Zif-268 promoter, effects which were correlated with increased Zif-268 gene 
expression (Gupta et al.  2010 ). Whether a similar process occurs in the amygdala 
during cued fear conditioning, and whether it might be blocked by a DNMT inhibi-
tor, remains to be examined, but it is worth noting that auditory fear conditioning 
has been shown to regulate Zif-268 expression in the LA (Malkani and Rosen  2000 ; 
Maddox et al.  2011 ) and that knockdown of Zif-268 protein in the LA impairs the 
consolidation of both contextual and auditory fear conditioning (Malkani et al. 
 2004 ; Maddox et al.  2011 ).  

8.4     Long-Lasting Modifi cations in DNA Methylation 
in ‘Remote’ Memory Consolidation and Maintenance 

 One of the major challenges in contemporary memory research is to understand 
how long-lasting memories are formed and stored in the brain, especially given 
that most molecular events that have been studied in the context of memory forma-
tion, including protein kinase activation, the activation of transcription factors and 
the expression of memory-related genes, have been shown to be transient. From 
the outset, epigenetics was an exciting new area of memory research because mod-
ifi cations in chromatin structure and DNA methylation represented two potential 
mechanisms by which the expression of memory-related genes might be altered in 
a long-term manner, thus serving as a potential molecular substrate for long-term 
memory maintenance (Day and Sweatt  2010 ,  2011a ,  b ,  c ). Interestingly, however, 
studies that have examined memory-related modifi cations in both chromatin struc-
ture and DNA methylation in the brain, and particularly in the hippocampus, have 
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found them to be transient as well (Barrett and Wood  2008 ; Day and Sweatt  2010 ). 
For example, in their 2007 study, Miller and Sweatt observed that contextual fear 
conditioning was associated with alterations in DNA methylation on memory- 
related genes in area CA1 within 1 h after fear conditioning that were not evident 
24 h later (Miller and Sweatt  2007 ). Given that during development and during the 
process of cellular differentiation DNA methylation is considered to be highly 
stable, this fi nding was somewhat surprising and suggested that DNA methylation 
is a more dynamic, reversible process in the adult nervous system (Miller and 
Sweatt  2007 ). 

 An exception to this rule was observed in a relatively recent study by Courtney 
Miller, David Sweatt and colleagues that examined DNA methylation in regions of 
the prefrontal cortex in hippocampal-dependent contextual fear memory (Miller 
et al.  2010 ). Beginning with the pioneering work of Brenda Milner and William 
Scoville with patient H.M. in the 1950s, it has long been appreciated that the hip-
pocampus is not a site of long-term memory storage, but rather a region where 
immediate (declarative) memories are formed and then slowly stabilized over time 
in regions of the cortex during a process known as “systems consolidation” (Milner 
et al.  1998 ). Consistent with this idea, lesions of the hippocampus in rats made 1 
day after training have been observed to reliably impair contextual fear condition-
ing, while lesions made 28 days after training have no signifi cant effect (Kim and 
Fanselow  1992 ; see, however, Sparks et al.  2013 ). Presumably, at this point the 
contextual memory is no longer dependent on the hippocampus and stored in the 
cortex. Subsequent work from Paul Frankland, Alcino Silva and colleagues sug-
gested that the anterior cingulate cortex (ACC) is a site of storage of long-term, 
‘remote’ contextual fear memories. In their work, pharmacological inactivation of 
the ACC was observed to impair the retrieval of an 18–36 day old remote contextual 
fear memory, but had no effect on a 1–3 day old context fear memory (Frankland 
et al.  2004 ; Frankland and Bontempi  2005 ). Inspired by these fi ndings, Miller and 
colleagues asked whether contextual fear conditioning might regulate long-lasting 
epigenetic modifi cations in the ACC, and thus provide a kind of molecular signa-
ture for long-term, remote memory storage. They observed a signifi cant increase in 
the methylation of the memory-suppressor gene calcineurin (CaN) in the prefrontal 
cortex that emerged 1 day after contextual fear conditioning and remained elevated 
for at least 30 days after training (Miller et al.  2010 ). This long-lasting increase in 
CaN promoter methylation in the prefrontal cortex was associated with a signifi cant 
decrease in CaN mRNA and protein expression, and was dependent upon NMDAR 
receptor activation  in the hippocampus  at the time of fear conditioning (Miller et al. 
 2010 ). Further, infusion of DNMT inhibitors into the ACC 30 days after fear condi-
tioning was observed to signifi cantly impair training-related CaN hypermethyl-
ation, increase the expression of CaN mRNA, and disrupt the retrieval of remote 
contextual fear memory (Miller et al.  2010 ). Infusion of DNMT inhibitors into the 
ACC 1 day after fear conditioning, at a time point prior to when the ACC becomes 
involved in the memory trace, was observed to have no effect (Miller et al.  2010 ). 
Collectively, these fi ndings suggest that the long-term storage of memories that are 
initially dependent upon the hippocampus are ultimately maintained in the cortex by 
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persistent alterations in DNA methylation on memory-related genes. The implications 
of these fi ndings are very exciting, because they suggest that altered patterns of 
DNA methylation and the resultant expression (or suppression) of memory-related 
genes may represent a self-perpetuating molecular signal which might be ‘captured’ 
by the synapse to maintain memory over time. It remains currently unknown 
whether similarly long-lasting changes in DNA methylation underlie memory 
maintenance in other regions of the brain, such as the amygdala and cerebellum, 
that are thought to be critical loci of long-lasting memories.  

8.5     Epigenetic Mechanisms and Memory Reconsolidation 

 As we’ve seen, newly acquired memories are thought to be inherently unstable, 
acquiring stability over time as they are ‘consolidated’ into long-term representa-
tions in the brain (Milner et al.  1998 ). It has long been appreciated that memories, 
even long-term memories, are not fi xed but rather highly dynamic (Loftus  1979 , 
 2005 ). The mere act of retrieving (recalling) a long-term memory, for example, has 
been shown to trigger a new phase of instability for a brief window of time during 
which the memory may be updated (e.g. strengthened or weakened) prior to being 
re-stabilized in a process known as ‘reconsolidation’ (Sara  2000 ; Nader  2003 ). In 
the laboratory, reconsolidation is typically studied by having an experimental ani-
mal recall a well-established memory (the memory ‘reactivation’ trial) followed by 
a pharmacological treatment designed to either impair or enhance the reconsolida-
tion process. Memory is then tested again shortly after retrieval (the ‘post- 
reactivation short-term memory’ test; PR-STM) and then again 24 h later (the 
‘post-reactivation long-term memory’ test; PR-LTM). Reconsolidation is said to be 
impaired if PR-LTM is impaired relative to PR-STM. Conversely, reconsolidation is 
said to be enhanced if PR-LTM is enhanced relative to PR-STM. The study of the 
memory reconsolidation process has important theoretical implications for how 
memories are structured in the brain in addition to clinical applications for the treat-
ment of psychiatric disorders ranging from post-traumatic stress disorder (PTSD) to 
drug addiction that are characterized by unusually strong and persistent memories 
(Pitman et al.  2000 ; Tronson and Taylor  2007 ). 

 Within the last decade, considerable progress has been made at defi ning the cel-
lular and molecular mechanisms underlying memory reconsolidation in the mam-
malian brain (Dudai and Eisenberg  2004 ; Tronson and Taylor  2007 ). With notable 
exceptions (Alberini  2005 ), fi ndings have suggested that the reconsolidation pro-
cess shares many of its core molecular features with that of initial memory consoli-
dation, including the involvement of the NMDA receptor and the activation of 
NMDAR-driven protein kinase signaling cascades (Duvarci et al.  2005 ; Ben Mamou 
et al.  2006 ; Tronson et al.  2006 ; Milton et al.  2008 ), the recruitment of transcription 
factors (Kida et al.  2002 ),  de novo  mRNA and protein synthesis (Nader et al.  2000 ; 
Da Silva et al.  2008 ; Duvarci et al.  2008 ), and the involvement of immediate early 
genes (Lee et al.  2005 ; Maddox et al.  2011 ;  Maddox and Schafe   2011a   ). While the 
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importance of  de novo  mRNA transcription in memory reconsolidation has been 
well established (Nader et al.  2000 ; Kida et al.  2002 ; Da Silva et al.  2008 ; Duvarci 
et al.  2008 ; but see Parsons et al.  2006 ), few studies have until recently examined the 
role of epigenetics in memory reconsolidation. 

 Farah Lubin and David Sweatt were the fi rst to implicate chromatin modifi ca-
tions in memory reconsolidation. Using a hippocampus-dependent contextual fear 
conditioning paradigm, they showed that retrieval of a contextual fear memory pro-
motes a signifi cant increase in histone H3 acetylation in hippocampal area CA1 and 
a corresponding increase in the association of acetylated histone H3 with the Zif- 
268 gene promoter, two effects that were each mediated via the IKK/NFκB signal-
ing pathway (Lubin and Sweatt  2007 ). A year later, Tim Bredy and Mark Barad 
showed that systemic administration of the HDAC inhibitor valproic acid enhances 
the reconsolidation of amygdala-dependent auditory fear conditioning; that is, 
PR-STM is not affected, while PR-LTM is signifi cantly enhanced (Bredy and Barad 
 2008 ). Consistent with these fi ndings, my lab has observed that retrieval of an audi-
tory fear memory is associated with an increase in histone H3 acetylation in the LA 
( Maddox and  Schafe  2011a ,  b ). Further, intra-LA infusion of the HDAC inhibitor 
TSA enhances the reconsolidation of an auditory fear memory ( Maddox and Schafe 
  2011a ,  b ). In a more recent study, we observed that intra-LA infusion of either the 
broad spectrum HAT inhibitor garcinol or the more selective p300/CBP inhibitor 
c646 impairs retrieval-related histone H3 acetylation in the LA (Maddox et al. 
 2013a ,  b ). Further, both garcinol and c646 were observed to signifi cantly impair the 
reconsolidation of an auditory fear memory; PR-LTM was impaired, while PR-STM 
was not affected (Maddox et al.  2013a ,  b ). This effect of HAT inhibition in the LA 
was observed only for reactivated fear memories; infusion of the drugs in the 
absence of fear memory retrieval had no effect on subsequent memory recall. It was 
also observed to be time-limited; the drugs had to be given shortly after retrieval of 
the fear memory in order to signifi cantly disrupt fear memory reconsolidation. 
Further, we showed that inhibition of HAT activity following retrieval can impair 
even older, well-established (2 week old) auditory fear memories. Finally, we 
observed that memory-related neural plasticity in the LA was disrupted by intra-LA 
infusion of a HAT inhibitor following retrieval; training-related enhancements in 
tone-evoked neural activity in the LA were intact during a test of PR-STM, but are 
signifi cantly impaired, along with the fear memory, 24 h later during a test of 
PR-LTM (Maddox et al.  2013a ,  b ). Collectively, these fi ndings suggest that HAT 
activity plays a critical role in the reconsolidation of amygdala-dependent cued fear 
memories and associated neural plasticity in the LA. 

 The role of DNA methylation has been less widely studied in the context of 
reconsolidation. Inhibition of DNMT activity in the LA shortly after retrieval has 
been observed to impair the reconsolidation of an auditory fear memory, an effect 
which was observed to be specifi c to reactivated fear memories ( Maddox and Schafe  
 2011a ,    b   ). Further, intra-LA infusion of the pharmacologically distinct DNMT 
inhibitors 5-AZA or RG108 was observed to impair memory-related neural plastic-
ity in the LA; both fear memory and training-related increases in tone-evoked activ-
ity in the LA were intact during the PR-STM test, but signifi cantly impaired during 
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the PR-LTM test (Maddox et al.  2014 ). Interestingly, DNMT inhibition in the LA 
was observed to impair retrieval-related increases in histone H3 acetylation. Further, 
pre-treatment with the HDAC inhibitor TSA was observed to prevent the reconsoli-
dation impairment induced by DNMT inhibition ( Maddox and Schafe   2011a   ,  b   ). 
Thus, similar to what has been observed previously in studies of memory 
 consolidation, histone acetylation and DNA methylation appear to work in concert 
to regulate memory reconsolidation. 

 The specifi c genes that are targeted for epigenetic modifi cation during the recon-
solidation process in the amygdala have yet to be explored and will be an important 
area of study in future experiments. It will also be of interest to study how persistent 
alterations in DNA methylation that accompany long-term memory maintenance in 
areas of the prefrontal cortex and other brain regions are regulated by reconsolida-
tion. Are these long-term epigenetic modifi cations temporarily de-stabilized with 
memory recall? Do they re-stabilize after reconsolidation is complete? Does inter-
ference with the reconsolidation process lead to a removal of these epigenetic 
marks on DNA? This latter question would be particularly interesting to ask in light 
of fi ndings which suggest that memories that are impaired due to interference with 
the reconsolidation process do not recover with time or following experimental 
treatments that typically result in memory recovery after amnesia (Duvarci and 
Nader  2004 ).  

8.6     Epigenetic Mechanisms and Memory Extinction 

 In classical or Pavlovian conditioning, extinction refers to a gradual reduction in 
conditioned responding after the conditioned stimulus (CS) is repeatedly presented 
in the absence of the unconditioned stimulus (US) (Pavlov  1927 ). In the classically 
conditioned salivary response, for example, an experimental animal is fi rst pre-
sented with pairings of an arbitrary cue (the CS) that is paired with delivery of food 
(the US). Over repeated pairings, the CS comes to elicit a conditioned response 
(CR) of salivation. After conditioning, repeated non-reinforced presentations of the 
CS (e.g. without the accompanying US) results in a gradual decrease in the condi-
tioned salivary response to the CS. For nearly a century, it has been widely appreci-
ated that extinction does not promote ‘erasure’ of a memory, but rather represents a 
kind of (inhibitory) learning and memory that serves to suppress the expression of 
the original memory (Pavlov  1927 ). 

 The neural mechanisms of extinction have been studied in considerable detail in 
several memory systems, most notably that of the conditioned eyeblink refl ex 
(Robleto et al.  2004 ). In recent years, the neural and molecular mechanisms under-
lying the extinction of both contextual and cued Pavlovian fear memories have 
attracted the most interest, due in part to the promise of discovering novel treat-
ments for fear-based psychological disorders (Milad et al.  2006 ; Myers and Davis 
 2007 ). In brief, the extinction of fear memories is believed to involve plasticity 
within the medial prefrontal (infralimbic; IL) cortex (Milad and Quirk  2002 ; Santini 
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et al.  2004 ; Peters et al.  2010 ), a region of the prefrontal cortex which projects to 
GABAergic intercalated cell masses in the amygdala, populations of GABAergic 
cells that serve to gate information fl ow within and between amygdala subnuclei 
and that have been shown to be critical for the expression of fear extinction (Quirk 
et al.  2003 ; Likhtik et al.  2008 ). 

 Inspired by the potential clinical benefi ts of facilitating the acquisition and/or 
consolidation of fear extinction memories, several labs have shown that either sys-
temic or intra-IL administration of inhibitors of HDAC activity can facilitate extinc-
tion of an auditory fear memory (Lattal et al.  2007 ; Bredy and Barad  2008 ; Fujita 
et al.  2012 ; Itzhak et al.  2012 ), particularly under conditions of weak extinction 
learning (Stafford et al.  2012 ). Further, work from Tim Bredy’s lab has shown that 
pharmacological inhibition of HAT activity in the IL, specifi cally that of the histone 
acetyltransferase PCAF, signifi cantly impairs the consolidation of fear extinction 
memory and LTP in the IL (Wei et al.  2012 ). Conversely, pharmacological activa-
tion of PCAF within the IL enhances fear extinction (Wei et al.  2012 ). At a molecu-
lar level, fear extinction was observed to promote an increase in binding of the 
transcriptional repressor ATF4 (CREB2) on the Zif-268 promoter and a correspond-
ing decrease in Zif-268 expression in the IL, and each of these effects was prevented 
by inhibition of PCAF activity (Wei et al.  2012 ). These fi ndings collectively suggest 
that HAT activity within the IL, and specifi cally that of PCAF, recruits transcrip-
tional repressors and negatively regulates memory-related genes in the IL during 
fear extinction. Interestingly, a follow-up study from the same group showed that 
intra-IL infusion of the p300/CBP HAT inhibitor c646 paradoxically facilitates fear 
extinction memory and enhances LTP in the IL (Marek et al.  2011 ). These fi ndings 
suggest that a remarkable degree of specifi city exists between the actions of specifi c 
HATs in the IL during the formation of an extinction memory. Future studies will be 
required to further explore the role of these HATs and the genes they target in the IL 
during fear extinction.  

8.7     Conclusions 

 Interest in the role of epigenetic modifi cations in learning and memory processes 
has escalated rapidly in recent years, due, in part, to the promise of answering long- 
standing basic science questions about how memories are acquired, stored and 
maintained over time in the brain. From a clinical perspective, the study of epigen-
etic modifi cations in memory also holds potential promise for the treatment of neu-
rological conditions that are characterized by memory impairment (Kosik et al. 
 2012 ; Rudenko and Tsai  2014a ,  b ), as well as psychological conditions such as drug 
addiction and PTSD that are characterized by persistent unwanted memories 
(Tsankova et al.  2007 ; Renthal and Nestler  2008 ; Schafe  2014 ). Many outstanding 
questions remain, however, for future research. It remains poorly understood, for 
example, how specifi c epigenetic tags on memory-related genes (or subsets of 
genes) are selectively targeted during learning to promote long-lasting memories. 
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We also still know very little about the extent to which these epigenetic modifi ca-
tions within specifi c memory circuits are transient or long-lasting. Further, it 
remains unclear how such lasting epigenetic modifi cations on memory-related 
genes, which are presumably cell-wide, are selectively recruited in a synapse-spe-
cifi c manner within a memory circuit. Each of these important questions await fur-
ther study.     
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    Chapter 9   
 Matrix Metalloproteinase 9 (MMP-9) 
in Learning and Memory       

       Ewelina     Knapska      and     Leszek     Kaczmarek    

    Abstract      Matrix metalloproteinase 9  (MMP-9) is a protein only recently recog-
nized as pivotal for neuronal plasticity, learning, and memory. MMP-9, together 
with its endogenous inhibitor TIMP-1, compose a perisynaptically operating enzy-
matic system involved in the dynamic remodeling of the extracellular matrix via 
cleavage of numerous extracellular substrates, including growth factor precursors, 
cell surface receptors, and adhesion molecules. In this chapter we present an over-
view of the data available on MMP-9 involvement in long term potentiation (LTP, a 
model of neuronal plasticity), learning and memory. The data show that MMP-9 is 
required for formation of late LTP, although not in all pathways that were studied. 
Moreover, MMP-9 activation in specifi c brain structures following learning of dif-
ferent behavioral tasks has been shown. Studies with inhibitors and genetic ablation 
of MMP-9 demonstrate that it contributes to the mechanisms underlying memory 
formation. However, its involvement differ between the tasks with respect to the 
anatomical location and the temporal pattern, suggesting specifi c role of MMP-9 in 
learning and memory. In particular, MMP-9 has been found indispensable for appe-
titive and spatial memory formation, whereas aversive learning was normal in mice 
missing MMP-9 activity. Notably, hippocampal LTP (implicated in spatial learning) 
was disturbed by MMP-9 inhibition, similarly to LTP evoked in the basal and cen-
tral nuclei of the amygdala, supposedly supporting appetitive memory. In contrast, 
no defi cit in lateral amygdala LTP was observed under conditions of impaired 
MMP-9 activity. Thus, an interesting avenue of research arises and a more detailed 
investigation of various molecular mechanisms operating within various brain 
structures is required.  

  Keywords     Matrix metaloproteinase 9 (MMP-9)   •   LTP   •   Behavioral Training    
•   Appetitive learning   •   Amygdala   •   Hippocampus  
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9.1         Introduction 

 Despite a myriad of molecules proposed to play a role in the brain plasticity, little is 
known about extracellular matrix (ECM), and cell adhesion molecules (CAMs) as 
well as the activity of extracellular enzymes, involved in, among others, proteolysis 
that allow for ECM/CAMs modifi cations. The ECM has been recognized as a criti-
cal factor affecting synapses, as it ensheathes them, forming a fourth synaptic ele-
ment (in addition to pre- and post-synapse, and glial invaginations). The ECM/
CAMs also span the synaptic cleft, providing a transsynaptic adhesive apparatus. It 
has been suggested that steric constraints imposed by the ECM/CAMs limit synap-
tic dynamics (Fawcett  2009 ; Gundelfi nger et al.  2010 ; Tsien  2013 ). However, most 
recent studies argue for a more multi-faceted view. Specifi cally, proteolytic activity 
may arise from the ECM/CAMs cryptic ligand(s) that activate cell surface receptors 
and initiate intracellular signaling cascade(s) (Dityatev et al.  2010 ; Rivera et al. 
 2010 ; Sonderegger and Matsumoto-Miyai  2014 ). 

 These data are especially prominent in the case of matrix metalloproteinases 
(MMPs) and their endogenous inhibitors, tissue inhibitors of metalloproteinases 
(TIMPs), and in particular MMP-9 and TIMP-1. MMPs are pericellularly acting 
endopeptidases that play an essential role in the dynamic remodeling of the ECM 
via cleavage of numerous extracellular substrates, including growth factor precur-
sors, cell surface receptors, and adhesion molecules (Nagase and Woessner  1999 ; 
Sternlicht and Werb  2001 ; Mott and Werb  2004 ; Ethell and Ethell  2007 ; Michaluk 
and Kaczmarek  2007 ). 

 It should also be emphasized that MMP-9 is a subject to a very complex regula-
tion at the level of transcription, mRNA translocation, translation and activation, as 
it is released extracellularly in a latent, pro-form with the enzymatic site covered by 
a propeptide that has to be cleaved off. It is of great interest that at the gene expres-
sion level, MMP-9 as well as TIMP-1 are controlled by transcription factor AP-1, 
including the c-Fos protein (Jaworski et al.  1999 ; Kaczmarek et al.  2002 ; Rylski 
et al.  2009 ; Ganguly et al.  2013 ; Kuzniewska et al.  2013 ), whose expression and 
function in learning and memory has been well documented (Kaczmarek  1993 ; 
Kaczmarek et al.  2002 ; Ramirez et al.  2013 ). 

 In neurons, MMP-9 mRNA, protein and enzymatic activity can be detected at the 
dendritic spines that harbor postsynaptic domains of excitatory synapses (Konopacki 
et al.  2007 ; Sbai et al.  2008 ; Wilczynski et al.  2008 ; Gawlak et al.  2009 ). Importantly, 
MMP-9 may affect the spine morphology, being involved in a transition of small 
spines, possibly carrying silent synapses to convert them initially to elongated pro-
trusions and then towards larger, mushroom spines and formation of the spine head 
protrusions (Wang et al.  2008 ; Bilousova et al.  2009 ; Michaluk et al.  2011 ; Szepesi 
et al.  2013 ,  2014 ). Furthermore, MMP-9 mRNA has been found to be translocated 
towards dendrites in a glutamate-dependent manner and then locally translated 
(Szklarczyk et al.  2002 ; Konopacki et al.  2007 ; Konopka et al.  2010 ; Dziembowska 
et al.  2012 ; Janusz et al.  2013 ). Following neuronal stimulation MMP-9 is locally 
released to reveal its enzymatic activity towards such extracullular (including 
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 extrasynaptic) protein targets as β-dystroglycan, neuroligin-1 and ICAM-5 
(Michaluk et al.  2007 ; Tian et al.  2007 ; Sbai et al.  2008 ; Conant et al.  2011 ; Peixoto 
et al.  2012 ). It is also of note that MMP-9 increases lateral dendritic mobility of 
NMDA receptors and their physiological properties (Michaluk et al.  2009 ; 
Gorkiewicz et al.  2010 ). Surprisingly, excessive exogenous MMP-9 does not affect 
gross appearance of the ECM (Michaluk et al.  2009 ). In addition, its effects on 
NMDAR mobility, as well as the ability to affect spine morphology, are abolished 
by the integrin β1 blocking antibody (Michaluk et al.  2009 ,  2011 ), which suggests 
that integrin- dependent signaling, rather than massive alteration of the ECM, is 
responsible for mediating MMP-9 functions at the synapse.  

9.2     Quality of the Experimental Tools and Methods 

 To fully appreciate the meaning of the results implicating MMP-9 in synaptic plas-
ticity, learning and memory, it is helpful to consider the experimental toolbox avail-
able to study this enzyme. It should be stressed that MMPs, similarly to other 
proteases form a very evolutionally divergent family. Therefore, it is diffi cult to 
apply from one animal species to another, without careful testing, such tools as anti-
bodies directed against MMP-9. This is of particular concern considering that many 
antibodies have been developed towards human protein but are often not of suffi -
cient specifi city for rodents. Fortunately, zymography approaches allow the specifi c 
detection of enzymatic activity of MMP-9. Cleaving gelatin has been of particular 
use in this regard, as this capacity is apparently shared only with MMP-2 among the 
MMPs active in the brain. Moreover, gelatin gel zymography permits detection of 
molecular species with defi ned size, thus differentiating MMP-9 from MMP-2. 

 Notably, MMP-9 is just 1 of over 20 enzymes with similar protein structures and 
greatly overlapping activities. Hence, it has been a daunting, and not yet satisfacto-
rily solved task, to produce specifi c inhibitors, that act solely against MMP-9. Other 
molecular blockers, such as anti-sense oligonucleotides are notorious for their off- 
target side effects, whereas RNAi technology has not apparently been effi ciently 
applied in the MMP-9 brain studies. Thus, genetic ablation (MMP-9 knockout, KO) 
appears to be the most specifi c approach to prove MMP-9 involvement in the phe-
nomenon under study. Nevertheless, only global, unconditional, non-inducible 
knockouts are available for MMP-9 and compensatory effects should be taken into 
consideration.  

9.3     MMP-9 Activity and Long-Term Potentiation 

 Long-term potentiation (LTP) is suggested as a mechanism underlying memory 
acquisition and storage. This term refers to the phenomenon of the activity- 
dependent increase in synaptic effi cacy. Brief strong and repeated (e.g., tetanic) 
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stimulation results in an enhancement of the response to subsequent stimuli with 
respect to the response to the same stimuli before stimulation. There are several 
forms of LTP which differ as far as their location, stimulation paradigms and phar-
macological properties are concerned (Bliss and Collingridge  1993 ). Three major 
categories of LTP with respect to its duration are distinguished: LTP1 with an aver-
age decay constant of approximately 2 h, LTP2 with a time constant of approxi-
mately 4 days and LTP3 with an average decay constant of approximately 23 days 
(the latter two are often collectively called late- or L-LTP in contrast to early- or 
E-LTP; Racine et al.  1983 ; Abraham and Otani  1991 ). 

 Extensive studies on LTP evoked in hippocampal slices by stimulation of 
Schaffer collaterals projecting from pyramidal neurons of CA3 to CA1 revealed 
distinct cellular and molecular mechanisms that underlie different temporal phases 
of hippocampal LTP. The induction phase (E-LTP), which involves combined acti-
vation of Src family tyrosine kinases, protein kinase A, protein kinase C, MAPK 
and, in particular, Ca 2+ /calmodulin-dependent protein kinase II, results in phosphor-
ylation of several synaptic proteins, e.g., glutamate receptor-gated ion channels, and 
the enhancement of the subsequent postsynaptic current (Soderling and Derkach 
 2000 ). Longer-lasting forms of LTP require gene transcription and protein synthesis 
(Krug et al.  1984 ; Otani et al.  1989 ; Kaczmarek  1992 ). 

 The role of MMP-9 in induction and maintenance of LTP has been investigated 
mainly at synapses formed between Schaffer collaterals and area CA1 dendrites in 
the hippocampus, in rat and mouse brain slices (Nagy et al.  2006 ), and in rats in vivo 
(Bozdagi et al.  2007 ; Nagy et al.  2007 ), see Table  9.1 . The studies showed that stim-
ulation that induces protein synthesis-dependent L-LTP in the CA1 area increased 
active MMP-9 protein levels and proteolytic activity in this structure. Moreover, the 
increase in proteolytic activity was abolished by either the general MMP inhibitor 
GM6001 or MMP-2/9 inhibitor (Nagy et al.  2006 ). Notably, no changes in MMP-9 
mRNA level or distribution were observed 90 min following induction of LTP 
(Bozdagi et al.  2007 ). On the other hand, however, Dziembowska et al. ( 2012 ) 
reported that LTP evoked by the perforant path stimulation in the hippocampal den-
tate gyrus resulted in MMP-9 mRNA accumulation in the dendritic tree of the gran-
ule neurons. This discrepancy could be explained by longer time exploited by 
Dziembowska and co-workers, consistent with MMP-9 gene regulation by AP-1 
(see also Ganguly et al.  2013 ; Kuzniewska et al.  2013 ), as well as by different loca-
tions of the recorded LTP. Importantly, pharmacological inhibition of MMP-9 (in 
slices with GM6001, a broad spectrum MMP inhibitor or MMP-2/-9 inhibitor, 
in vivo with MMP-2/-9 inhibitor or MMP-9 blocking antibodies) prevented induc-
tion of late-phase LTP (Nagy et al.  2006 , Bozdagi et al.  2007 , Wang et al.  2008 ). 
Moreover, chemical LTP, protein synthesis-dependent potentiation evoked by chem-
ical stimulation with Sp-cAMPS, was abolished by pre-incubation with GM6001 or 
MMP-2/-9 inhibitors (Nagy et al.  2006 ). Furthermore, Meighan et al. ( 2006 ) 
observed that in rat slices treated with FN-439, a MMP inhibitor, administered 
10 min before tetanization and continued throughout measurement of LTP induction 
and maintenance, the initial robust potentiation returned to baseline levels within 
60 min. Conant et al. ( 2010 ) observed reduced potentiation for 30 min following 
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tetanic stimulation in mouse hippocampal slices treated with MMP inhibitor 
NNGH. It should also be noted that proteolytically active MMP-9 induced potentia-
tion in the CA1 area (Nagy et al.  2006 ), and this potentiation mutually occluded, and 
was occluded by, tetanically evoked potentiation (Bozdagi et al.  2007 ). In contrast, 
in slices from MMP-9 null-mutant mice, LTP in the CA1 was impaired both in mag-
nitude and duration, and adding recombinant active MMP-9 to null-mutant slices 
restored the magnitude and duration of LTP to the wild-type levels (Nagy et al. 
 2006 ). On the other hand, there were no effects on MMP-9 activation or effects of 
blocking of MMP-9 activity with inhibitors in other forms of short-term synaptic 
potentiation (such as early phase of LTP and paired-pulse facilitation) or long-last-
ing synaptic depression (LTD) (Nagy et al.  2006 , Bozdagi et al.  2007 ). There were 
also no effects of adding MMP-2/9 inhibitor to potentiated slices 60–90 min after 
induction of LTP by either chemical or tetanic stimulation (Nagy et al.  2006 ). On the 
other hand, Fragkouli et al. ( 2012 ) showed that transgenic mice overexpressing 
MMP-9 show increased late phase of LTP, in both magnitude and duration.

   In summary, all of the studies described above show that MMP-9 is required for 
formation of late LTP in the CA1 fi eld of the hippocampus. Moreover, it has been 
shown, by monitoring excitatory postsynaptic potentials (EPSPs) and spine size, 
that MMP-9 is involved concomitantly in synaptic potentiation and spine enlarge-
ment (Wang et al.  2008 ). When MMP activity was eliminated during theta- 
stimulation- induced LTP by applying MMP-2/9 or GM6001 inhibitors, both spine 
enlargement and synaptic potentiation were transient, suggesting that MMP- 
mediated extracellular remodeling during LTP plays a crucial role in establishing 
persistent modifi cations in both synapse structure and function, and thus is critical 
for learning and memory (Wang et al.  2008 ). 

 Besides the Schaffer collaterals–CA1 pathway, the role of MMP-9 in LTP has 
been studied in the mossy fi ber (MF)–CA3 pathway in rat and mouse brain slices. 
The mechanisms of induction and expression of LTP in the CA3, in contrast to LTP 
in the CA1, are largely presynaptic. It has been shown that LTP induction in the 
MF–CA3 pathway correlated with increased expression and activity of MMP-9 
(Wiera et al.  2012 ). In situ zymography showed that LTP induction was associated 
with increased gelatinase activity in the cytoplasm of the hilar and CA3 neurons. 
Further analysis demonstrated that this effect was due to synthesis and activation of 
MMP-9. In contrast, MMP-2 was not affected by LTP induction. Wójtowicz and 
Mozrzymas ( 2010 ), using broad spectrum MMP inhibitor, FN439, showed that 
inhibition of MMP proteolytic activity before and up to 30 min, but not 60 min, after 
LTP induction resulted in disruption of the late phase of LTP. The paired-pulse facil-
itation ratio, post-tetanic potentiation and burst-like pattern of mossy fi ber 
 stimulation were not changed in the presence of FN-439, suggesting that the tempo-
ral pattern of presynaptic transmitter release was not signifi cantly affected by MMPs 
inhibition (Wójtowicz and Mozrzymas  2010 ). In the following study, Wójtowicz 
and Mozrzymas ( 2014 ), using different MMP inhibitors, showed that inhibition of 
MMP by broad spectrum inhibitors, FN439 or NNGH, but not by more specifi c 
MMP-2/-9 inhibitor, interfered also with LTP induction. They also observed that 
MMP-2/-9 inhibitor impaired formation of late LTP in the CA3 when LTP was 
induced by the paired activity of the mossy fi bers and recurrent collateral synapses 
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but not when it was induced by the tetanization protocol. Another study (Wiera et al. 
 2013 ) has shown that formation of L-LTP in the MF–CA3 pathway was signifi -
cantly impaired in the brain slices from MMP-9 knock-out mice and transgenic rats 
overexpressing MMP-9. In contrast, both transgenic models showed a normal basal 
synaptic transmission and short-term plasticity. Presence of exogenous, active 
MMP-9 restored LTP in knock-out mice, whereas in the wild-type mice MMP-9 
excess impaired LTP. Importantly, auto-active MMP-9 induced potentiation in the 
MF–CA3 pathway in slices form wild-type mice. To sum up, the results show that 
MMP-9 is crucial for formation of L-LTP in the MF–CA3 pathway, though the 
detailed mechanisms of its involvement may differ from those observed in the 
CA3–CA1 projection. 

 The role of MMP-9 activity in LTP has been also studied at the hippocampal- 
prefrontal cortex pathway. Okulski et al. ( 2007 ) observed that adenovirally driven 
overexpression of TIMP-1, a MMP inhibitor, in the prelimbic part of the prefrontal 
cortex applied before the tetanic stimulation blocked late phase of LTP (6 h after the 
stimulation) in rats. In contrast, TIMP-1 overexpression did not affect early phase of 
LTP (up to 1 h after the stimulation). Moreover, S24994, a MMP-9 inhibitor, pre-
vented late phase of LTP in the medial prefrontal rat slices when applied before but 
not after high frequency stimulation. 

 Moreover, MMP-9 dependency of LTP has been also studied in different path-
ways within the amygdala (Gorkiewicz et al.  2015 ). It has been shown that LTP in 
the basal and central but not in the lateral amygdala is affected by MMP-9 knock- 
out. These results were also confi rmed in brain slices treated with a specifi c MMP-9 
inhibitor. The data suggest that MMP-9 plays different roles in synaptic plasticity in 
different nuclei of the amygdala. 

 Recent studies have extended the role of MMPs, including MMP-9, to hippo-
campal cell cultures, by employing a chemical LTP protocol. Chemical LTP (cLTP) 
refers to a model system developed by Otmakhov et al. ( 2004 ) in hippocampal slice 
cultures that was also successfully applied for dissociated hippocampal neuronal 
cultures (Oh et al.  2006 ; Molnár  2011 ). Niedringhaus et al. ( 2012 ) have demon-
strated an enhancement of neuronal activity within in vitro networks of hippocam-
pal neurons subjected to the cLTP protocol and found that this effect was abrogated 
by treatment with MMP inhbitors (as well as by antibody directed against integrin 
β1). Szepesi et al. ( 2013 ) have shown that MMP-9, but not MMP-2, was activated 
during cLTP. Recently, Szepesi et al. ( 2014 ) provided evidence that cLTP produces 
increases in the spine volume, GluA1 receptor synaptic accumulation and immobi-
lization and all those effects required MMP activity.  

9.4     MMP-9 Expression and Activity following Behavioral 
Training 

 Many studies have shown MMP-9 activation in specifi c brain structures following 
learning of different behavioral tasks (see Table  9.2 ). Most of the studies employed 
behavioral trainings, such as the Morris water maze, inhibitory avoidance, 
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contextual fear conditioning, object exploration and response habituation, relying on 
the activity of the hippocampus. The studies have also provided some information on 
MMP-9 activation in the cerebral cortex. In all investigated tasks, increased expres-
sion of pro and/or active form of MMP-9 has been observed in the hippocampus. 

   Table 9.2    MMP-9 expression and activity following behavioral training   

 Learning paradigm  Animal 

 Brain structures and MMP-9 level change 

 References  Pro form  Active form 

 Morris water maze 
task 

 Rat 
(male) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇑), cerebellum (⇔) 

 Wright et al. 
( 2003 ) 

 Rat 
(female) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇓), piriform 
cortex (⇔) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇑), piriform cortex 
(⇔) 

 Wright et al. 
( 2004 ) 

 Rat 
(male) 

 Hippocampus (⇓)  Hippocampus (⇑)  Meighan et al. 
( 2006 ) 

 Object recognition 
task 

 Rat 
(female) 

 Hippocampus (⇔), 
prefrontal cortex 
(⇑), piriform 
cortex (⇔) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇑), piriform 
cortex (⇑) 

 Wright et al. 
( 2004 ) 

 Head-shake response 
habituation 

 Rat 
(female) 

 Hippocampus (⇔), 
prefrontal cortex 
(⇔), piriform 
cortex (⇔) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇑), piriform 
cortex (⇔) 

 Wright et al. 
( 2004 ) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇔), piriform 
cortex (⇓), 
cerebellum (⇔) 

 Hippocampus (⇑), 
prefrontal cortex 
(⇓), piriform 
cortex (⇔), 
cerebellum (⇔) 

 Wright et al. 
( 2006 ) 

 Inhibitory avoidance 
learning 

 Rat 
(male) 

 Hippocampus (⇑)  Hippocampus (⇑)  Nagy et al. 
( 2007 ) 

 Contextual fear 
conditioning 

 Mouse 
(male) 

 Prefrontal cortex 
(⇑), hippocampus 
(⇑), basolateral 
amygdala (⇑) 

 Ganguly et al. 
( 2013 ) 

 Methamphetamine- 
induced behavioral 
sensitization 

 Rat 
(male) 

 Nucleus 
accumbens (⇑), 
frontal cortex (⇑) 

 Nucleus accumbens 
(⇑), frontal 
cortex (⇑) 

 Mizoguchi 
et al. ( 2007a ,  b ) 

 Reinstatement of 
cocaine-primed 
conditioned place 
preference 

 Rat 
(male) 

 Medial prefrontal 
cortex (⇑), dorsal 
hippocampus (⇔) 

 Brown et al. 
( 2008 ) 

 Appetitively 
motivated place 
learning in IntelliCage 

 Mouse 
(female) 

 Central 
amygdala (⇑) 

 Knapska et al. 
( 2013 ) 
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However, signifi cant between-studies differences in expression of two forms of 
MMP-9 in the hippocampus, as well as in the cortex have been observed. In the fol-
lowing paragraphs we will summarize the methods and results of these studies, in an 
attempt to fi nd the possible reasons of the observed discrepancies.

   MMP-9 expression and activity has been measured following the  Morris water 
maze  training. The Morris water maze is performed in a round pool of water in 
which a platform is submerged beneath the surface. When placed in the maze, the 
animal is expected to fi nd the platform. The learning process can be assessed by 
measuring time it takes for each animal to fi nd the platform over a number of trials 
and, once the platform has been removed, the percentage of time spent in the quad-
rant in which the platform was previously located (probe trial). In this task, the 
animal must learn the spatial position of the invisible platform based on cues from 
the surrounding environment. In the study of Wright et al. ( 2004 ) the rats were 
trained for 4 consecutive days (5 trials/day) and sacrifi ced 4 h following completion 
of the training. The levels of pro and active forms of MMP-9 were measured by 
Western blotting and compared to home cage controls. The level of pro form of 
MMP-9 was increased in the hippocampus and decreased in the prefrontal cortex, 
but no change in the piriform cortex was observed. In contrast, the levels of active 
form of MMP-9 were increased in both the hippocampus and the prefrontal cortex. 
Again, no change in the piriform cortex was observed. The results confi rmed earlier 
observations of the study by Wright et al. ( 2003 ), in which rats were trained in the 
Morris water maze (5 trials/day) and sacrifi ced immediately after the fi nal trial of 
the second, fourth or sixth day of the training. Comparing the level of expression of 
active form of MMP-9 (measured by zymography) to the home cage controls they 
found increased activity in both the hippocampus and prefrontal cortex, but no 
change in the cerebellum. In the study of Meighan et al. ( 2006 ), the rats were sub-
jected to 1, 2, 3, or 4 days of the training in the Morris water maze (5 trials/day) and 
sacrifi ced 3 h after the fi nal trial. The levels of expression of pro- and active forms 
of MMP-9 were measured in the hippocampus (by Western blotting) and compared 
to home cage controls and water maze-yoked animals (which swam for an equal 
amount of time in the maze in a darkened room without an escape platform). The 
levels of pro MMP-9 were signifi cantly lower than those in controls throughout the 
training, whereas the levels of active MMP-9 (defi ned by the authors as two forms 
of the molecular weight much lower that typically considered to MMP-9) were 
increased only at the beginning of the training (day 1). The latter change was accom-
panied by increased MMP-9 mRNA level observed after the fi rst day of the training. 
The behavioral protocols of the Morris water maze training used in the abovemen-
tioned studies were similar, thus differences in obtained results should be attributed 
to diverse MMP-9 measuring methods and the different delay periods between the 
behavioral training and harvesting of the brains. 

 Other hippocampus-dependent behavioral training used in the studies on MMP-9 
involvement in learning is a  novel object recognition task , in which animals 
explore objects located in the arena (usually either a square or a round box) and, 
after some delay, either one of the familiar objects is replaced with a novel object 
(the non-spatial, object-change task) or one of the familiar objects is moved to a new 
location in the arena (the spatial, place-change task). The time spent on exploration 
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of the novel and familiar objects was measured. In the study of Wright et al. ( 2004 ) 
the rats were tested on seven 6-min trials, separated by 3 min. intervals. Both spatial 
and non-spatial changes of object confi guration were tested. The brains were har-
vested 4 h following the completion of the task. The levels of pro and active forms 
of MMP-9 were measured by Western blotting and compared to home cage con-
trols. The level of pro form of MMP-9 was increased in the prefrontal cortex, while 
no changes in the hippocampus and piriform cortex were observed. In contrast, the 
levels of active form of MMP-9 were increased in both the hippocampus, and the 
prefrontal and piriform cortices. 

 MMP-9 expression and activity have also been measured following  habituation 
of head-shake response  (HSR). The HSR is a rapid rotation of the head in response 
to a mild air stimulus applied to the ear. When the air stimuli are presented repeat-
edly the HSR is habituated, i.e., its frequency decreases. Thus, it is an example of 
nonassociative learning, with memory traces presumably located in the hippocam-
pus, cerebral cortex and cerebellum. In the experiments of Wright et al. ( 2004 , 
 2006 ), female rats were subjected to two habituation sessions with different 
between-sessions intervals. With the increase of the delay between the sessions the 
animals displayed more HSRs, at the 24 h reaching the level not statistically differ-
ent from their performance at the beginning of the training. In the fi rst study the 
brains were removed 4 h following the second session of habituation (there were 
two sessions, 5 min apart) and the levels of active and pro form of MMP-9 were 
measured by Western blotting. There were no changes in the levels of pro form of 
MMP-9 in the hippocampus, as well as prefrontal and piriform cortices. In contrast, 
there were signifi cant increases of active form of MMP-9 in the hippocampus and 
prefrontal cortex, but no change in the piriform cortex as compared to the home 
cage controls. In another study, Wright et al. ( 2006 ) measured levels of pro and 
active forms of MMP-9 in the hippocampus, prefrontal cortex, piriform cortex and 
cerebellum of female rats, which underwent habituation of the HSR. The rats were 
subjected to two sessions of HSR habituation with 5 min, 2 h, 6 h and 24 h intervals 
between them. The brains were harvested immediately following the second session 
of habituation. There were no differences in the level of MMP-9 expression (mea-
sured by Western blotting) when comparing the HSR habituated rats, yoked con-
trols (which, during the habituation sessions, were in close proximity to the 
experimental animals but were not subjected to habituation procedure) and home 
cage controls across four time intervals for any of the four brain structures exam-
ined. In contrast, comparing the level of pro and active forms of MMP-9 (measured 
by zymography) of HSR habituated rats (two sessions with 2 h interval) and yoked 
controls, Wright and co-workers observed that active MMP-9 was increased in the 
hippocampus and decreased in the prefrontal cortex, and pro MMP-9 was increased 
in the hippocampus and decreased in the piriform cortex of the HSR habituated rats. 
The main differences between the two studies on MMP-9 activation following the 
HSR habituation seem to be the temporal pattern of the behavioral trainings and the 
delay between the sessions as well as methods of measurement of MMP-9 level. 

 The subsequent studies employed one-trial hippocampus-dependent learning 
paradigms to show the dynamics of MMP-9 expression/activation. Nagy et al. 
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( 2007 ) investigated MMP-9 activation following  inhibitory avoidance learning , a 
procedure in which an animal is supposed to learn to avoid one of the two compart-
ments of the experimental cage because it was previously associated with a foot-
shock. They observed that protein levels and proteolytic activity of MMP-9 became 
elevated in the hippocampus by 6 h, peaked at 12–24 h, and then declined to base-
line values by 72 h following the training, as compared to the unpaired and home 
cage controls. The dynamics of MMP-9 activation has been also investigated fol-
lowing  contextual fear conditioning  (Ganguly et al.  2013 ), a training paradigm in 
which an animal receives an inescapable footshock or footshocks in an experimen-
tal cage and thus it learns to fear this cage. Comparing MMP-9 expression in the 
brains of mice exploring novel environment and mice exposed to a footshock in a 
novel context, they showed maximal increase of MMP-9 expression at 2–12 h fol-
lowing fear conditioning in the hippocampus, prefrontal cortex and basolateral 
amygdala. Furthermore, using an indirect method to measure MMP-9 activity 
(employing its ability to cleave its native substrate β-dystroglycan), they showed 
that MMP-9 activity paralleled its expression. The observed changes in MMP-9 
expression and activity were accompanied by MMP-9 transcription. 

 Much less is known about MMP-9 activation following appetitively (positively) 
motivated behaviors. MMP-9 expression and activity levels have been studied in the 
animal models of drug dependence. For instance, Mizoguchi et al. ( 2007b ) investi-
gated MMP-9 activity following  behavioral sensitization induced by repeated 
methamphetamine treatment . Methamphetamine, a drug of abuse, exerts both 
acute and long-lasting effects on psychomotor behavior. It has been proposed that 
the mechanisms underlying behavioral sensitization (that can be observed after sub-
sequent injections of the drug, given at the same dose, as increased locomotor activ-
ity) involve synaptic plasticity. In this study, rats, which were given methamphetamine 
at a dose of 2 mg/kg for 5 days, were killed after 2 or 24 h after the fi nal administra-
tion. Compared to controls, which received saline injections, the level of MMP-9 
protein as well as its activity were increased in the frontal cortex and nucleus 
accumbens both after 2 and 24 h. Increased activity of MMP-9 has been also shown 
in the medial prefrontal cortex of rats subjected to the  reinstatement of cocaine- 
primed conditioned place preference  (CPP). In the CPP paradigm one of the com-
partments of the cage is associated with a reward, i.e., cocaine injections, then the 
learned preference for this compartment is extinguished by repeated presentations 
to this compartment without a reward, and fi nally and animal receives a remainder, 
i.e., is injected with cocaine. Such procedure results in reinstatement of the previ-
ously extinguished preference. MMP-9 activity was measured in rats that under-
went training for cocaine-CPP followed by extinction sessions and either saline- or 
cocaine-priming injections (Brown et al.  2008 ). Cocaine-induced reinstatement 
 signifi cantly increased MMP-9 activity at 1, 3 and 24 h after injection, as compared 
with saline controls. No changes in MMP-9 occurred in the dorsal hippocampus. 
Since no changes in MMP-9 activity were observed 1 h after reinstatement in ani-
mals given no extinction sessions, the observed response seems to be specifi c to the 
reinstatement phenomenon. Moreover, it has been recently shown (Knapska et al. 
 2013 ) that beta-dystroglycan, native substrate of MMP-9, is cleaved in the central 
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amygdala 2 h following the appetitively, but not aversively motivated place learn-
ing.  Place preference  was obtained by serving sweetened water as a reward while 
for  place avoidance  an air-puff was used as a punishment associated with one com-
partment of the cage. The training was carried out  in the IntelliCage  system (for the 
detailed description of the tests see the following section). 

 To sum up, many studies have shown MMP-9 activation in specifi c brain struc-
tures following learning of different behavioral tasks. Interestingly, the anatomical 
locations and the temporal patterns differ with the tasks. The observed discrepan-
cies in the results of the studies can be explained by the differences in MMP-9 
measuring methods and the delay between the behavioral training and harvesting of 
the brains. Such studies, though correlative in nature, paved the way for investiga-
tion of brain structure-specifi c function of MMP-9.  

9.5     Effects of Manipulation of MMP-9 Expression or 
Activity on Learning 

 Various techniques of blocking MMP-9 expression or activity showed its involvement 
in learning and memory (see Table  9.3 ). In the studies, which results are described in 
detail below, the MMP-9 knock-out mice, MMP-9 inhibitors and antisense oligonu-
cleotides to MMP-9 has been used as methods of affecting MMP-9 activity.

   The MMP-9 role in  context and cued fear conditioning  has been tested in 
MMP-9 knock-out mice. In a context fear conditioning, an animal receives an ines-
capable footshock(s) in an experimental cage and thus it associates the cage with the 
footshock. Then it is brought back to the home cage and after some delay it is again 
exposed to the same apparatus and tested without the footshock. The memory of the 
situation is examined by measuring the freezing reaction during the retention test. 
The procedure of cued fear conditioning is similar, but the original exposure to a 
footshock is accompanied by a clear sensory stimulus, e.g., a tone, and the testing is 
carried out in an experimental cage different from the training chamber, but in the 
presence of the conditional stimulus. In the study of Nagy et al. ( 2006 ) the mice 
were trained in one context (30 s tone co-terminating with a 2 s, 0.75 mA footshock) 
and tested 24 h later in the training context (context test), and 30 h later in another 
context, in which freezing response was measured to a 3 min tone presentation 
(cued test). The results showed an impairment of contextual fear memory in MMP-9 
defi cient mice, but no change in cued fear memory was observed in these animals 
as compared to wild-type littermates. 

 It has also been shown that infusions of FN-439, a broad spectrum MMP inhibi-
tor, to the hippocampus attenuated learning in the  Morris water maze  (the proce-
dure described in the previous section, Meighan et al.  2006 ). The inhibitor was 
infused into the lateral ventricle twice, 10 min before and 3 h after the training, to 
block basal, as well as training-induced MMP-9 activity. The infusions were made 
for 4 days of the training and resulted in increased latency to fi nd the hidden plat-
form throughout this period. In contrast, when the pre-training infusion was omitted 
on the second day of the training, commencement of the inhibitor infusions after the 
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training on subsequent days 3 and 4 did not inhibit task acquisition any further, sug-
gesting that MMPs are primarily involved during early stages of learning. Similarly, 
infusion of antisense oligonucleotides to MMP-3 and MMP-9 to the dorsal hippo-
campi of rats 12 h before the training (modifi ed procedure, 15 trials for 1 day), 

   Table 9.3    Effects of manipulation of MMP-9 expression or activity on learning   

 Learning paradigm  Animal 

 MMP-9 activity 
manipulation 
method 

 Brain 
structures 
affected 

 Effects 
on 
learning  References 

  Inhibition of MMP-9 activity  
 Morris water maze 
task 

 Rat 
(male) 

 Broad spectrum 
MMP inhibitor 
FN-439 

 Infused to 
the ventricle 

 Impaired  Meighan 
et al. ( 2006 ) 

 Antisense 
oligonucleotides 
to MMP-3 and 
MMP-9 

 Dorsal 
hippocampus 

 Rat 
(male) 

 Broad spectrum 
MMP inhibitor 
FN-439 

 Infused to 
the ventricle 
or dorsal 
hippocampus 

 Impaired  Wright et al. 
( 2007 ) 

 Inhibitory 
avoidance learning 

 Rat 
(male) 

 MMP-2/-9 
inhibitor 

 Dorsal 
hippocampus 

 Impaired  Nagy et al. 
( 2007 ) 

 Contextual fear 
conditioning 

 Mouse  MMP-9 
null-mutant mice 

 Whole brain  Impaired  Nagy et al. 
( 2006 ) 

 Cued fear 
conditioning 

 Mouse  MMP-9 
null-mutant mice 

 Whole brain  Intact  Nagy et al. 
( 2006 ) 

 Methamphetamine- 
induced behavioral 
sensitization and 
conditioned place 
preference 

 Mouse  MMP-9-null- 
mutant mice 

 Whole brain  Impaired  Mizoguchi 
et al. ( 2007a , 
 b ) 

 Rat 
(male) 

 MMP-2/-9 
inhibitor or 
doxycycline 
(MMP inhibitor) 

 Infusion 
pump in 
frontal cortex 
or right 
ventricle 

 Blocked  Mizoguchi 
et al. ( 2007a , 
 b ) 

 Appetitvely 
motivated place 
and discrimination 
learning 

 Mouse 
(female) 

 MMP-9 
null-mutant 
mice/TIMP-1 
nanoparticles 

 whole brain/
central 
amygdala 

 Impaired  Knapska 
et al. ( 2013 ) 

 Aversively 
motivated place 
and discrimination 
learning 

 Mouse 
(female) 

 MMP-9 
null-mutant 
mice/TIMP-1 
nanoparticles 

 Whole brain/
central 
amygdala 

 Intact  Knapska 
et al. ( 2013 ) 

  MMP-9 overexpression  
 Morris water maze 
task 

 Mouse 
(male and 
female) 

 Overexpression 
of MMP9 

 Whole brain  Improved  Fragkouli 
et al. ( 2012 ) 

 Novel object 
recognition task 

 Mouse 
(male and 
female) 

 Overexpression 
of MMP9 

 Whole brain  Improved  Fragkouli 
et al. ( 2012 ) 
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signifi cantly attenuated learning (as measured by latency to fi nd the hidden plat-
form, Meighan et al.  2006 ). Very similar results were obtained by Wright et al. 
( 2007 ), who infused rats with FN-439 inhibitor either intra-cerebroventricularly or 
to the dorsal hippocampus 20 min prior to and again 10 min after the behavioral 
training for 8 days of the training (5 trials/day) and observed attenuated learning in 
the Morris water maze regardless of the place of infusion. 

 The effect of MMP-9 inhibition has also been tested by Nagy et al. ( 2007 ), in the 
 inhibitory avoidance task . The authors infused the rats with MMP-2/9-specifi c 
inhibitor to the dorsal hippocampus at certain time points following the training. 
Then they tested memory retention (measured as a latency to enter the compartment 
of the cage, in which the animals previously received a footshock) after 24 h, a time 
when animals normally exhibit strong memory of the task. They observed that infu-
sions of the inhibitor at 1.5, 3.5 and 9.5 h signifi cantly impaired inhibitory avoid-
ance memory. Moreover, they showed that MMP inhibition at 1.5 and 9.5 h following 
the training resulted in persistent memory defi cits, which could be observed at 72 h. 
Nagy and co-workers ( 2007 ) also demonstrated that the rats infused with the inhibi-
tor relearned the task effectively when drug-free and subsequently displayed robust 
inhibitory avoidance memory, proving that hippocampal integrity was uncompro-
mised by the inhibitor infusion. The time points after the training when the inhibitor 
was infused were chosen based on the dynamics of MMP-9 proteolytic activity 
induced by the inhibitory avoidance training (described in the previous section). 
Thus, taken together, these data suggest that MMP-9 in the hippocampus contrib-
utes to the mechanisms underlying inhibitory avoidance memory formation, as well 
as that MMP-9 is involved in Morris water maze learning. 

 Mizoguchi et al. ( 2007b ) showed that both  behavioral sensitization induced by 
repeated methamphetamine treatment  and  methamphetamine induced condi-
tioned place preference  were decreased in MMP-9 defi cient mice as compared to 
wild-type mice. Moreover, they showed that the lack of MMP-9 gene affects meth-
amphetamine induced dopamine release and uptake in the nucleus accumbens. 
Similar effects were observed when doxycycline (MMP inhibitor) or MMP-2/-9 
inhibitor were infused through the osmotic pump connected to the cannula placed in 
the right ventricle or the frontal cortex (Mizoguchi et al.  2007a ). The data suggest 
that MMP-9 may play a role in functional and, possibly, structural changes in the 
nucleus accumbens and the frontal cortex, which are related to methamphetamine 
induced behavioral sensitization and place preference learning. 

 It has recently been shown (Knapska et al.  2013 ) that genetic ablation of MMP-9 
impaired appetitively motivated conditioning (i.e.,  place preference and appeti-
tively motivated discriminative learning in the IntelliCages ). On the other hand, 
lack of MMP-9 did not impair  place avoidance and aversively motivated dis-
crimination  in the same apparatus. In this study an automated test system 
(IntelliCage, New-Behavior AG;   http://www.newbehavior.com    ) that allows for 
assessing both spatial and operant behavior in group-housed mice, as well as for 
balancing appetitive and aversive conditions, was used. The IntelliCage consists of 
four operant learning chambers that fi t into the corners of a large housing cage. 
Access into the chamber is provided via a tubular antenna reading the transponder 
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codes that allow recognition of individual animals. The chamber contains two open-
ings permitting access to the ends of drinking tubes. Access to the tubes can be 
barred by small, motorized doors, which can be opened by nosepoking. Aversive 
stimulation can be delivered in the form of air-puffs directed to the head of the 
mouse through tubing controlled by electric valves. The whole setup is controlled 
by a microcomputer recognizing visits, nosepokes, and tube-lickings of individual 
mice, and delivering reward (by opening the access to water or sweetened water 
after a nosepoke) or punishment (an air-puff or access to quinine solution), accord-
ing to preprogrammed schedules depending on the assignment of the mice to differ-
ent test groups within the same cage. In the place preference test, the mice were 
supposed to learn that sweetened water was accessible by nosepoking in only one of 
the four corners within the large cage, whereas in the aversive training, they were 
learning to avoid a corner, in which nosepokes were punished with an air-puff. In 
another learning paradigm, less spatial in nature and relying on a different kind of 
aversive reinforcement, the mice had to discriminate between bottles (placed on two 
sides of the same corner) that contained either sweetened or tap water (i.e., an appe-
titive task) or bitter (quinine-adulterated) and tap water (i.e., an aversive task). 
Appetitively motivated but not aversively motivated tasks described above were 
impaired in MMP-9 knock-out mice as compared with wild type littermates. 
Importantly, these results were mirrored when extracellular MMP-9 activity was 
blocked in the central amygdala by nanoparticle-based release of its inhibitor, 
recombinant TIMP-1, showing that local MMP-9 activity in the central amygdala is 
important for the appetitive, but not aversive, learning. 

 Overexpression of MMP-9 in the brain has been also shown to affect neuronal 
plasticity and learning. Fragkouli et al. ( 2012 ) observed that transgenic mice overex-
pressing MMP-9 in the brain (full-length MMP-9 under the platelet-derived growth 
factor B-chain promoter) displayed enhanced discrimination between the novel and 
familiar objects in the  novel object recognition task . The animals were familiarized 
with the objects in three 5-min trials with a 15-min inter-trial intervals and tested in 
the 5-min probe trial that took place 15 min after the last learning trial. Moreover, the 
transgenic MMP-9 mice outperformed the wild-type controls in the  Morris water 
maze , fi nding either visible or hidden platform faster during acquisition and reversal 
learning (mice were trained for 3 or 4 consecutive days for  acquisition and reversal 
phases, respectively, 5 trials/day). Moreover, transgenic mice spent more time than 
the control animals in the quadrant in which the platform was previously located dur-
ing the probe trial that followed reversal learning. The probe trial took place 1 h after 
the last learning trial. The observed changes in behavior were accompanied by 
increased dendritic spine density in hippocampal and cortical pyramidal neurons in 
the transgenic mice subjected to behavioral training and prolonged maintenance of 
LTP in the CA1 fi eld of the hippocampus in slices from the transgenic mice. 

 In summary, it has been shown that changing MMP-9 expression or activity 
affects learning and memory. Interestingly, the existing data suggest that the role 
of MMP-9 in learning is brain structure- and behavioral training-specifi c (Nagy 
et al.  2006 ; Knapska et al.  2013 ). For instance, Nagy et al. ( 2006 ) showed that 
MMP-9 null mutant mice were impaired in contextual (hippocampus-dependent) 
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fear conditioning. In contrast, the mice were not defi cient in cued fear conditioning 
(which is more basolateral amygdala-dependent). Furthermore, Knapska et al. 
( 2013 ) showed that both MMP-9 null mutation and specifi c blocking of MMP-9 
activity with TIMP-1 inhibitor in the central amygdala result in an impairment of 
appetitively but not aversively motivated discrimination learning (Fig.  9.1 ). Such 
results suggest that, though MMP-9 can be abundantly upregulated by increased 
neuronal activity throughout the brain, its involvement in learning and memory is 
very specifi c.

9.6        Summary 

 MMP-9 is a protein only recently recognized as pivotal for neuronal plasticity, 
learning, and memory. Its activation in specifi c brain structures following learning 
of different behavioral tasks has been shown. Studies with inhibitors and genetic 
ablation of MMP-9 demonstrate that it contributes to the mechanisms underlying 
memory formation. Interestingly, its involvement differ between the tasks with 
respect to the anatomical location and the temporal pattern, suggesting specifi c role 
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  Fig. 9.1    Involvement of MMP-9 differs between the tasks with respect to the anatomical location, 
suggesting specifi c role of MMP-9 in learning and memory. For instance, MMP-9 is activated in 
the central amygdala (Ce) by appetitively but not aversively motivated learning (Knapska et al. 
 2013 ), moreover also late-LTP established at the connection from the basal amygdala (BA) to Ce 
requires MMP-9 (Gorkiewicz et al.  2015 ). Possible molecular scenario for the excitatory synaptic 
plasticity in Ce, underlying the appetitive learning (shown on the left) is following: ( 1 ) glutamate 
(Glu) released at the BA axons activates NMDA receptors, NMDAR; ( 2 ) in result MMP-9 is 
locally produced (MMP-9 is dendritically/synaptically translated, Dziembowska et al.  2012 ) and 
( 3 ) released in a pro-form into the synaptic cleft to ( 4 ) cleave postsynaptic cell adhesion molecules 
(e.g., beta-dystroglycan, neuroligin-1, nectin-3, see: Michaluk et al.  2007 ; Peixoto et al.  2012 ; van 
der Kooj et al.  2014 ) that form transsynaptic adhesive apparatus by linking to either neurexins or 
nectin-1. Next, AMPA receptors accumulate (GluA1 in particular), either through ( 5 ) exocytosis or 
( 6 ) traffi cking and immobilization (Szepesi et al.  2014 )       
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of MMP-9 in learning and memory. Most recent studies on hippocampal neurons 
show a possible mechanistic role of MMP-9 in synaptic plasticity at the level of 
structural modulation of spine morphology. 

 Recent studies on gene polymorphisms that affect the MMP-9 expression as well 
as studies directly measuring MMP-9 levels pointed out the possible role of 
MMP-9 in psychiatric disorders, such as drug and alcohol addiction, major depres-
sion, bipolar disorder, and schizophrenia (Mash et al.  2007 ; Rybakowski et al. 
 2009a ,  b ; Samochowiec et al.  2010 ; Domenici et al.  2010 ). The existing data sug-
gest that the role of MMP-9 in learning is brain structure- and behavioral training- 
specifi c. Thus, an interesting avenue of research arises and a more detailed 
investigation of various molecular mechanisms operating within various brain 
structures in patients suffering from psychiatric disorders is required. Importantly, a 
large set of therapeutic inhibitors of matrix metalloproteinases was tested in clinical 
trials for anti-cancer therapy. Some of them (Baker et al.  2002 ; Vihinen et al.  2005 ) 
may probably be used in the treatment of psychiatric disorders as well.     
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