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“Memory imprints never end” – Fear Factory 
 

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 (fearful), 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 and the resulting associative memories can be recalled reflexively 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 humans this typically occurs for high-impact, traumatic experiences and might 

lead to persistent brain disorders, such as Post Traumatic Stress Disorder (PTSD). In The 

Netherlands, 80.7% of a randomly sampled population was found to experience a life-lasting 

trauma, of which 7.4% developed PTSD1. In order to develop new therapeutic strategies to 

treat such disorders, it is important to understand the neural mechanisms of the capacity to 

encode, store, consolidate, retrieve and erase information. I will first discuss the behavioral 

models used to study a fear response, and the most important phases of the memory encoding 

and retrieval process. 

 

1) Behavioral models of learned fear 

From his anatomical studies of the brain, Santiago Ramon y Cajal was the first to suggest that 

alterations in neural connections was at the basis of learning2. In order to examine these 

changes in neuronal components that lead to altered behavior, the experimental investigation 

of learned fear required the development of experimental model systems. From the early use 

of simple forms of procedural learning to the more sophisticated model systems used today, 

the study of the neurobiology of fear learning has advanced greatly over the last 50 years3. 

Here I will describe two of the most studied model systems used in implicit memory research; 

a) behavioral sensitization in invertebrates, namely in Aplysia and b) the more complex 

Pavlovian conditioning in rodents, with a focus on fear conditioning that I used in my 

research.  

 

a) Behavioral sensitization: 

Non-associative fear learning enables the experimental animal to respond strongly to an 

otherwise neutral stimulus. This form of learning gave the first insights into the cellular 
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mechanisms underlying memory formation, and were described in seminal studies from the 

Kandel laboratory using the gill-withdrawal reflex in Aplysia4. Briefly, a light touch applied 

to the siphon of the snail, results in it withdrawing its gill and siphon in response. This 

response is enhanced when the animal is given an aversive stimulus, like a shock to a part of 

its body. The animal remembers the shock, and the duration of this memory is a function of 

the number of repetitions of the noxious experience, with a single shock producing a short-

term facilitation (STF), while repetitive shocks produce a long-term facilitation (LTF) that 

lasts on the order of weeks5,6. The approach to studying memory in a simple monosynaptic 

neuronal circuit allowed the specific circuitry that controlled the behavior to be defined4. This 

led to an extensive understanding of some of the biochemical processes underlying memory, 

and, as it turned out, memory remained highly conserved in all animals with an evolved 

nervous system. 

 

b) Pavlovian conditioning: 

This form of associative learning was first described by Pavlov in 1927, wherein an animal 

forms as association between a normally neutral stimulus (Conditioned Stimulus; CS), and an 

Unconditioned Stimulus (US)7. The latter is normally either appetitive or aversive, like food 

or pain, so as to elicit a conditioned behavioral response (CR) the next time, when only the 

CS is presented. In rodents, for aversive conditioning, most often a neutral CS is paired with a 

noxious stimulus like a foot-shock (US). The animals learn to associate the two and 

subsequent exposure to the CS alone elicits a CR, typically characterized by a total lack of 

body-movement (except breathing), i.e., freezing. Several variations of this form of 

conditioning exist, in which the rodent learns to avoid a chamber previously associated with 

the US (passive/inhibitory avoidance)8,9 or learns to escape to a platform to avoid the US 

(step-down avoidance)10. The most commonly used and well-described form of aversive 

conditioning is the simple and reductive paradigm of fear conditioning (FC), which is 

primarily of 2 types: 

i) Auditory fear conditioning: Typically, an animal is placed in a context, which serves 

as a background CS, and a tone is used as the salient foreground CS terminating in a 

footshock (US). The animal forms an association between the tone and shock, as well 

as the context and shock11. This elicits a robust CR on presentation of either the tone 

or the context at a later time. Conversely, if the tone is not directly paired with the US 

(i.e., the US is unsignaled), freezing is not observed on subsequent presentations of the 

tone alone. 
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ii) Contextual fear conditioning: Typically, the context in which the foot-shock is given 

serves as the main threatening CS and the animal forms an association between that 

specific context and the US, such that re-exposure to only that context elicits a CR12,13. 

It is important to note that the animal needs to explore the context prior to the foot-

shock, and a shock given immediately on placement into the context does not elicit a 

CR. This is known as an immediate-shock deficit and can be alleviated by pre-

exposure to the conditioning chamber12. Thus, it is crucial for the animal to associate a 

particular contextual representation to the US. 

The primary neural hubs for the processing of long-term fear memories have been identified 

as the amygdala11 and the hippocampus14 and work by Phillips and Ledoux showed that these 

distinct brain regions contributed differently to memory formation15. The amygdala is thought 

to play a more general role to mediate CS-US associations, the US representation as well as 

the production of fear response. The hippocampus on the other hand, is required for the 

configuration of contextual stimuli in auditory conditioning along while being a critical player 

in the mnemonic processes underlying memory formation of contextual fear16. Within these 

brain areas the processing of memory is not static and I will first describe the different 

phenomena of memory processing (box.1) before going into neural circuitry of fear memories 

and coming back to the role of these two structures in the neurobiology of fear. 

 

2) Distinct processes of fear memory formation and retrieval 

Over the years it has become increasingly clear that the process of memory formation and 

storage is a dynamic encoding process that can both stabilize and destabilize a memory not 

only at the level of behavioral expression, but also at the synaptic and cellular level17,18. In 

this section I will briefly describe the various phenomenon of memory processing going from 

the stabilization of new memories to the progressive changes that determine the longevity of 

memory over time. 

i. Consolidation: This is a process that involves the step-wise formation of memory over 

elapsed time. During consolidation a labile short-term memory (STM) is transformed 

into a stable and persistent long-term memory (LTM). For fear conditioning, this 

process typically takes 6 h, after which it is insensitive to pharmacological 

disruption17,19-22. 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 
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regions in memory processing, leading to a transfer of memory content across 

different brain regions and systems, a process referred to as systems consolidation23. 

ii. Retrieval: Retrieval is the process elicited by the sole presentation of the CS by which 

a previously consolidated memory is recalled and is behaviorally expressed as a 

conditioned fear response. At the synaptic level, it is believed that retrieval of a fear 

memory returns the memory storage sites into a labile state, requiring a process of 

restabilization in order to persist further18,24. However, the length of the retrieval trial 

is crucial in determining which downstream memory process is recruited. A long 

retrieval session results in the formation of a new inhibitory extinction memory, rather 

than the restabilization of the original fear memory25-28. Conversely, a short retrieval 

session triggers a process of protein degradation, which necessitates the protein 

synthesis-dependent process of reconsolidation, in order to rebuild the memory29. 

iii. Reconsolidation: Consolidation is not a rigid one-time process that results in a 

persistent, static memory born of strengthened and stabilized synapses. Instead, 

memory maintenance is a continuing dynamic process requiring ongoing 

neuroplasticity18,30. Data collected over the last years revealed that memory returns to 

a malleable state upon retrieval17,31-33. This labile memory then necessitates an active 

process of restabilization in order to persist further. This active destabilization of 

synaptic memory and the process or re-stabilization that follows has been termed as 

‘reconsolidation’ and is crucial to memory processing based on further experience18,32. 

Like consolidation, the process of restabilization of fear memories is considered to be 

protein-synthesis dependent for 6 h, after which the memory is maintained. 

Reconsolidation is fundamental, but not ubiquitous18,34 and there appear to be 

boundary conditions or limiting factors, such as age and strength of the memory, and 

length of the reactivation trial, that determine the occurrence of reconsolidation35,36. 

iv. Extinction: Extinction is a form of new learning rather than ‘forgetting’37,38, and 

shares some of the same molecular correlates as initial consolidation of memory. 

Emotional associations, once acquired, are not always expressed, and inhibition of a 

fear response can be achieved by prolonged exposure to the cue in the absence of the 

aversive event38. In 1927, Pavlov observed that an extinguished response is transient, 

reemerging with the passage of time, indicating that extinction is not the erasure of the 

conditioned memory (CS-US), but a form of new inhibitory learning (CS-noUS)39. 

However, it has also been suggested that non-reinforcement during extinction training  
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may result in the splitting of the experimental situation into two particular salient 

‘states’40. Firstly, ‘unlearning’ may occur, and secondly the formation of a new state 

of ‘extinction’. It has been proposed that the preservation of fear depends on when 

state-splitting occurs, and this is dependent on the degree of similarity between the 

contexts in which conditioning and extinction occur40. The main drawback of using 

extinction therapy in the clinic is its temporal non-permanence. The decrement of fear 

responding during and shortly after extinction is not persistent, and several uncovering 

mechanisms of fear exist that allow for the re-emergence of fear responding, namely: 

reinstatement41,42,43, renewal42,44, and spontaneous recovery45,46.  

 

3) Neural circuitry of fear conditioning 

Over the years a lot of work has been done in elucidating the synaptic mechanisms that 

underlie the formation of fear memories. A number of neurotransmitter systems including the 

!!!!! !
Box 1. Core memory processes involved in the neurobiology of fear!

a) Consolidation: The time-dependent process by which new memories are stabilized and 
stored after a novel learning experience. 
 

b) Retrieval: Stimulus-induced reactivation of a previously established memory into 
consciousness, returning it to an instable state, vulnerable to manipulation. Retrieval of 
fear is measured in terms of an increase in fear response. 
 

c) Reconsolidation: The time-dependent and adaptive process by which memories are re-
stabilized after a short retrieval. 
 

d) Extinction: New inhibitory learning process, wherein cues formerly associated with a 
reinforcer becomes newly associated with no outcome, resulting in a decrease in the 
previously established fear response.  
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glutamatergic system11,47, GABA-ergic48,49 and serotonergic systems50,51 have been implicated 

in the regulation of synaptic plasticity and memory processing. Furthermore, it is believed 

that neuromodulation of synaptic plasticity by metabotropic glutamate receptors11,52 and 

various monoamines, like norepinephrine53 and dopamine54, is critical to promote the 

formation of emotional memories11,53,55. In this section, I will describe neural plasticity, with 

a focus on glutamatergic mechanisms, as the fundamental biochemical process that is thought 

to underlie the consolidation of memories, from a molecular to a structural and systems level.  

 

3.1) Synaptic plasticity underlies the molecular consolidation of long-term fear memory 

In 1949, Hebb proposed that synaptic modifications that strengthen synaptic connections 

within neural circuits occur when presynaptic firing coincides with postsynaptic activity21. 

The existence of long lasting activity-dependent changes in synaptic strength was further 

bolstered by Bliss and colleagues, who reported that repetitive activation of hippocampal 

synapses resulted in a persistent increase in synaptic strength56,57. This form of activity 

dependent synaptic strengthening came to be known as Long Term Potentiaion (LTP), and 

has been the leading cellular model for the events that underlie memory encoding in the 

mammalian brain, the behavior of which is defined by the synaptic weights that connect 

individual neurons that comprise the circuit58.  

Interestingly, most synapses that undergo LTP are thought to be bi-directionally 

modifiable, depending on the pattern of activity and are also capable of becoming depressed 

(LTD)59. The most common and widely studied form of induction of these phenomena is 

dependent on N-methyl-D-aspartate associative receptor (NMDAR) activity, although less 

described forms of plasticity dependent on metabotropic glutamate receptor (mGluR) activity 

exist, and are important for the acquisition of memory52. Activation of NMDARs during 

presynaptic release of glutamate and postsynaptic depolarization leads to an increase in 

calcium concentration, which in turn activates the signal transduction molecules required for 

long term synaptic plasticity60-62. Whether synaptic activity elicits LTP or LTD depends on a 

number of factors, among which calcium is predominant61,63,64"65,66. Thus it appears that the 

two forms of plasticity, LTP and LTD, are utilized in parallel at the same synapses and may 

be used to encode experiences in vivo. This change in synaptic strength at excitatory synapses 

is adaptable to changes in pattern of activity and critical for bidirectional modification of 

synaptic size67, which in turn can maintain the strength of a synapse.  

Of the two forms of plasticity, LTP has so far been more widely studied in fear 

memory systems and albeit being an experimental phenomenon, it displays the essential 
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features of synapse specificity, co-operativity, and associativity68, and is considered to be the 

cellular representative of memory formation because (i) it is temporally phased like memory 

formation into: a) an early phase (e-LTP) that mimics short term memory (STM), which is 

independent of RNA and protein synthesis and b) a late phase (l-LTP) which is dependent on 

RNA and protein synthesis like the consolidation of long term memories (LTM)69, and (ii) it 

is observed in sensory pathways that are crucial to the processing of fear conditioning 

memories, namely at sensory inputs to the lateral amygdala (LA) and the Schaffer collateral 

(SC) pathway in the hippocampus69.  

I will now describe the biochemical processes that underlie these two temporal stages 

of synaptic plasticity and memory formation (Fig. 1), going from a simple system, Aplysia, to 

synaptic potentiation that underlies the storage of long-term fear memories in rodents.  

 

3.2) Short-term memory and e-LTP:  

Early studies of behavioral sensitization in Aplysia showed that a single noxious stimulus 

applied resulted in it reflexively withdrawing its gill and siphon, and a short-term 

enhancement of synaptic connections3,4,70. The stimulus at the cellular level is characterized 

by a transient release of the neurotransmitter serotonin, which in turn binds to receptors on the 

sensory neuron4,70. This increases the internal concentration of the diffusible second 

messenger cAMP by activating the enzyme adenylyl cyclase and ultimately the activation of 

cAMP-dependent protein kinase A (PKA)4,70. Once disassociated from its regulatory subunits, 

the catalytic subunits of this kinase phosphorylates various synaptic channels and proteins 

involved in exocytosis, allowing greater Ca2+ influx and transmitter availability in the sensory 

terminal which in turn leads to increased excitability. This results in short-term facilitation 

(STF) in synaptic strength of the sensory to the motor neuron, and behavioral sensitization 

that lasts minutes to hours4,70. The observed facilitation is also attributed in part to the 

enhanced release of glutamate by the sensory neuron onto its follower cells5,71.  

Many aspects of e-LTP (early phase LTP) in mammals recapitulate the time-scale and 

cellular mechanism observed in STF of Aplysia. E-LTP is a temporary form of synaptic 

strengthening that is independent of RNA and protein synthesis69. Brief titanic electrical 

stimulation in neuronal afferents results in the synaptic release of the excitatory 

neurotransmitter glutamate, which triggers Ca2+ influx through NMDAR62. Increased synaptic 

Ca2+ leads to the activation of cAMP72 and downstream kinases like !-calcium/calmodulin- 

dependent kinase II (!CaMKII) and calcium/phospholipid-dependent protein kinase (PKC)73. 
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The binding of calcium/calmodulin to CaMKII, causes physical translocation of CaMKII to 

post-synaptic density zones (PSD) by binding to the C-terminus of the NMDA receptor NR2B 

subunits at synapses73,74. These kinases phosphorylate target proteins like !-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), thereby increasing their 

number in the plasma membrane by exocytosis62,75. This in turn enhances the excitatory 

current influx into the postsynaptic cell resulting in synaptic potentiation and a transient 

reinforcement of synaptic connections62.    

Figure 1. Molecular mechanisms of memory formation. 
Molecular cascades critical to the formation of memory. This figure outlines 11 steps that underlie 
both the formation of short-term and long-term plasticity and fear memory. Arrows in blue depict 
the biochemistry of short-term events while both blue and green arrows depict the events that 
underlie the formation of long-term memories. (1) Neurotransmitter release and calcium influx 
though NMDA receptors and voltage gated calcium channels; (2) Increased intracellular calcium 
level; (3) Activation of kinases by intracellular calcium/calmodulin; (4) Short term enhancement in 
synaptic strengthening; (5) Activation of kinases required for long-term plasticity and memory and 
retrograde transport from the synapse to the nucleus; (6) Activation of nuclear transcription factors; 
(7) Activity dependent gene transcription and protein synthesis; (8) Anterograde transport and 
synaptic capture of gene and protein products, as well as local synthesis of proteins required for 
structural rearrangement of pre-existing synapses; (9) Insertion of AMPARs; (10) Gain and 
elimination of synapses; (11) Self-perpetuating mechanisms crucial to the maintenance of long-
term plasticity and memory.  
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Behavioral conditioning appears to recruit this form of e-LTP in rodents, that results in the 

formation of a short term fear memory lasting from minutes to a couple of hours and requires 

further consolidation in order to persist longer69. Intervention with e-LTP results in a 

manipulation of fear memory and a bi-directional modification of fear responses69. For 

example, mice deficient in either !CaMKII or the " isoform of PKC have impaired fear 

conditioning76-79, while local injections of NMDA antagonists into the amygdala impairs both 

the STM and LTM of fear conditioning80,81. 

Thus, the short term component of synaptic plasticity and memory formation is 

temporally limited and independent of RNA and protein synthesis, however, it is dependent 

on the modification of existing proteins that results in a short-term facilitation of synaptic 

strength and thereby in memory formation. 

 

3.3) Long-term memory and l-LTP:  

In Aplysia, robust and repeated stimulation results in persistent activation of the cAMP-

signalling pathway, that ultimately leads to long-term facilitation (LTF) and behavioral 

sensitization70. At the cellular level, when synaptic stimulation reaches threshold it causes the 

catalytic subunit of PKA to recruit p42 mitogen activated protein kinase (MAPK)82-85. These 

kinases then translocate to the nucleus where they phosphorylate other kinases that, in turn, 

can phosphorylate transcription factors and activate gene expression82,85,86. Several studies by 

a number of laboratories have shown that different members of the cAMP response element-

binding protein (CREB) family of transcription factors participate in the molecular switch that 

regulates LTF formation70. For example, it has been shown that the formation of LTF requires 

the activation of ApCREB1 by PKA and the concomitant down-regulation of ApCREB2 by 

MAPK87,88. This pathway that leads to gene transcription, protein synthesis and structural 

plasticity is highly conserved across animal species, and is required for both l-LTP and 

LTM70.  

Many aspects of l-LTP in mammals recapitulates the molecular mechanisms observed 

in LTF of Aplysia3,4,70. Unlike e-LTP, once induced, persistence of LTP over hours and days 

is dependent on transcription as well as protein synthesis89-92. I will now describe the 

molecular cascade of l-LTP induction, expression and maintenance, detailing how various 

studies have conclusively shown how each cellular phase of this experimental process also 

underlies the long-term consolidation of fear memories. Finally, I will introduce structural 

plasticity as a mechanism that is also important to the maintenance of long-term memories. 
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Induction of l-LTP: 

Electrical stimuli that induce l-LTP result in the activation of relevant synapses; pre-synaptic 

release of glutamate activates AMPAR producing an influx of Na2+ that depolarizes the post-

synaptic neuron61,62. This is followed closely by a removal of the Mg2+ block from membrane 

NMDARs, resulting in a large influx of Ca2+ in the post-synaptic neuron through the 

NMDARs as well as other voltage-dependent glutamate channels (VGCCs) located in the 

same neuron and from intracellular stores61,62. In line with this, several studies have shown a 

causative role of NMDARs in the consolidation of fear memory in both the amygdala and 

hippocampus69. By the use of pharmacological agents that either antagonize or agonize these 

receptors, contextual and auditory fear memory can be manipulated bi-directionally69,93-97. 

Furthermore, blocking L-VGCCs disrupts the consolidation of fear, and McKinney et al., 

utilized a molecular-genetics approach to demonstrate a specific role for the Cav1.3 subtype of 

L-VGCC in consolidation94. 

 

Expression of LTP: Role of kinases 

Increased intracellular Ca2+ essentially leads to the activation of CaMKII and PKC, along 

with other kinases, such as PKA and ERK/MAPK11,61,62,69,70. The latter two are required only 

for l-LTP, wherein PKA plays a predominantly synaptic role to phosphorylate various targets, 

such as GluA1, and tags synapses that enables the consolidation of LTP70. On the other hand, 

ERK/MAPK on translocation to the nucleus engages several transcription factors, including 

CREB70.  

Of the kinases crucial to both early and late phases of LTP, both (CaMKII) and 

protein kinase C (PKC) have been directly implicated in learning. Mice with a targeted 

ablation of !-CamKII or CamKIV, or mice that inducibly express high levels of a mutated 

CamKII that lacks the ability for Ca2+-induced autophosphorylation in the amygdala, are 

deficient in cued and contextual long-term fear memory77,98,99. Furthermore, early studies by 

Atkins and others showed that contextual fear conditioning activates PKC in the 

hippocampus100, which compliments studies with pharmacological inhibitors of this 

enzyme101-103. Of interest, different conventional (!, ", and #), novel ($, %, &, ', and () and 

atypical () and *) isoforms of this kinase have been shown to have defining yet differential 

roles in the consolidation of fear memories104. For example, mice deficient in the !-isoform 

exhibit contextual, but not auditory fear deficits105, while a lack of the "-isoform results in 

severe deficits in both contextual and auditory fear conditioning79. Alternatively, mice 

deficient in the #-isoform exhibit normal conditioning to both context and tone104. Hence 
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different isoforms of PKC appear to have very specific roles in hippocampus and amygdala- 

dependent fear conditioning, which might be attributed to the specificity of different isoforms 

to particular effector mechanisms such as regulation of gene and protein expression, 

modulation of receptor function and neurotransmission104  

Of the kinases required specifically for l-LTP, a series of elegant studies using a 

transgenic mouse line expressing a dominant negative form of the regulatory subunit of PKA, 

reducing kinase activity only in the amygdala and hippocampus, compellingly showed a role 

for PKA in the consolidation of contextual fear106,107. Furthermore, it appears that the 

temporal profile of PKA dependence relates to the type of conditioning protocol used, with 

stronger training protocols exhibiting a single PKA-inhibitor sensitive window, and weaker 

training producing two critical periods107.  

 

Expression of LTP: Gene transcription and protein synthesis 

On activation by phosphorylation, CREB, along with various co-factors drives the 

transcription of cAMP response element (CRE)-mediated genes and ultimately the translation 

of proteins involved in synaptic tagging and plasticity11,70. These ‘tags’ are translocated to the 

synapse where they sequester the plasticity related proteins required for the structural changes 

underlying the stabilization and maintenance of synaptic strength108. Although the identity of 

these synaptic tags remains elusive, one possible candidate is PKM!109, the role of which I 

will describe in detail in the next section.  

Following fear conditioning, an increase in activated (i.e., phosphorylated) CREB 

over total CREB (pCREB vs total CREB) is observed in the amygdala, and null mutant mice 

with deletions of the !, ", and #CREB isoforms exhibit impaired LTM formation110. 

Furthermore, global gene expression analysis of the hippocampus and amygdala revealed a 

dynamic and brain-region specific profile for transcription up to several hours after fear 

conditioning. Although a large number of genes are found to be regulated, the transcription of 

a number of genes including immediate early genes (IEGs) (such as Arc, c-fos111-115, c-jun116, 

early growth response 1 (Egr1/Zif268)115,117 and nerve growth factor inducible gene-B 

(NGFI-B)115,118), and neurotrophic factors (such as neurotrophin 4, NT4119, brain-derived 

neurotrophic factor, BDNF)120  are considered critical to the consolidation of fear.  

An early finding showed that consolidation of long-term memory depends on protein 

translation121,122 both in the cell body, and locally in dendrites90,123. Behavioral studies using 

different genetic animal models and behavior protocols for fear learning have described one 

or two periods of protein synthesis during learning, one around the time of acquisition, and 



Chapter 1 

!22!

the other 3–4 h after training107,124-126. Blocking protein translation by the protein synthesis 

inhibitor anisomycin within these sensitive windows results in an impaired fear memory, 

while no effect is observed if protein synthesis is blocked 1–2 h or 6 h after initial 

training107,124-126.  

In recent years, the idea that some of the protein synthesis required for the 

consolidation of memory occurs by local translation in neuronal dendrites has gained traction. 

This is an emerging field and very few studies have conclusively linked dendritic protein 

synthesis to fear learning90. One such study showed this by making use of mice that lacked 

the 3!UTR dendritic targeting element of the Ca2+/calmodulin dependent protein kinase 

(CAMKII") mRNA. These mice possess a near elimination of synaptic CAMKII" transcript 

and exhibited impaired contextual fear consolidation127.  

 

Maintenance of LTP: receptor trafficking  

At the synapse, LTP is mainly characterized by a phosphorylation-driven increase in single 

channel conductance and postsynaptic AMPA receptor (AMPAR) numbers by exocytosis and 

lateral diffusion through the plasma membrane75,128-130. It has been proposed that in 

hippocampal CA1 synapses, LTP induction causes a phosphorylation driven, rapid increase in 

calcium permeable GluA1-containing receptors (CP-AMPARs), which form slot complexes 

with interacting proteins to form a synaptic place holder131-133. These are then transiently 

replaced by GluA2-containing receptors over time133, resulting in a long-term increase in 

synaptic strength. 

As discussed above, the induction of signaling cascades by LTP results in the 

translation of several proteins required for the maintenance of LTP. One such protein that 

may play a role in the maintenance of LTP is a constitutively active protein kinase C (PKC) 

isoform, protein kinase M # (PKM#) that lacks the regulatory domain of PKC134,135. Under 

basal conditions, the translation of PKM# mRNA, is suppressed by the action of PIN1 

(protein interacting with NIMA1)136. However glutamate signaling, during LTP induction, 

decreases PIN1 activity, allowing PKM# synthesis. Translated, PKM# is phosphorylated and 

initiates a positive feedback loop through inhibition of PIN1, thereby maintaining high levels 

of the kinase at appropriate synapses136. Once constitutively activated, PKM! is thought to 

perpetuate LTP by continual phosphorylation137 that results in maintaining enhanced 

postsynaptic AMPAR numbers and responses134 through the interaction between the 

trafficking protein N-ethylmaleimide-sensitive factor (NSF) and the glutamate receptor 2 

(GluA2)138. However the importance of PKM# in the maintenance of LTP has recently been 
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questioned139,140 and further studies are required to conclusively elucidate the exact role of 

this molecule.  

Consolidated fear memories are maintained within the amygdala although similar 

mechanisms as the long-term maintenance of LTP. In line with this, a seminal study by 

Rumpel and colleagues showed that recombinant-AMPARs are driven to the synapses of a 

large fraction of postsynaptic neurons in the lateral amygdala (LA) after FC, and this memory 

can be reduced with the application of a dominant-negative construct that blocks the synaptic 

incorporation of endogeneous AMPAR and consequent synaptic plasticity in a small 

percentage of these neurons141. Furthermore, in correspondence to increased potentiation of 

glutamatergic synapses during potentiation, increased AMPAR/NMDAR current ratios and 

larger AMPAR miniature EPSC amplitudes were observed in the LA, 24 h after training142. 

These enhancements lasted for 7 days, suggesting that this potentiation may underlie the long-

term maintenance of fear memory143. More specifically, enhanced CP-AMPAR mediated 

transmission at thalamic afferents to LA neurons after conditioning has been observed144, 

whereas on the other hand auditory fear conditioning has been shown to increase postsynaptic 

GluA2 levels 24 h later145. Although there are some contradictions as to the subunit 

specificity, there is no doubt that, after consolidation, increased AMPAR activity plays a role 

in the maintenance of memory within the amygdala. Further evidence for this comes from 

studies that have shown that the disruption of PKM! or an as-yet unidentified molecule139,140 

by a pharmacological inhibitor (ZIP) results in a loss of post-synaptic GluA2, as well as the 

long term loss of both auditory (background contextual) and foreground contextual fear 

memory145-147. 

Within the hippocampus it is important to note that recruitment of overexpressed 

newly synthesized GluA1-containing receptors to dendritic spines of CA1 hippocampal 

neurons does not occur immediately after one CS-US paired conditioning148 and does not 

closely follow the 6 h protein synthesis dependent time course of learning. Furthermore, 

unlike the amygdala, PKM! does not seem to maintain long-term fear memories in the 

hippocampus, and blocking the action of this kinase, or a yet unidentified kinase, does not 

result in amnesia147. Thus, although plasticity within the hippocampus is required for 

consolidation of contextual fear, it differs mechanistically from the amygdala and the exact 

molecular players and plasticity mechanisms remain to be elucidated. 
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3.4) Maintenance of memory: structural plasticity 

Structural changes in brain circuits activated by fear learning are thought to be crucial for the 

storage of long-term memories and form a structural basis for memory traces in the brain149. 

Synaptic plasticity, that leads to neural activity results in the structural and functional 

modification of synapses, and there is a significant overlap between the molecular 

mechanisms that govern both these processes. In general, two forms of structural plasticity 

that result in morphological changes at the synapse have been well documented in the field of 

learning and memory, i.e., structural rearrangement and stabilization of pre-existing synapses 

by rearrangement of the actin cytoskeleton, and gain or elimination of synapses (Fig. 1). 

Dendritic spines are branched protoplasmic extensions and the major site of excitatory 

synaptic transmission in the vertebrate brain. The phenomenon of synapse remodeling is 

closely coupled to neural activity, and early electron microscope studies provided the first 

evidence that the size and shape of spine heads correlates with synaptic strength, namely an 

augmentation in synaptic strength by increased number of postsynaptic AMPARs results in an 

enlargement of the spine head11,149,150. In line with this, an increase in spine number and size 

has been observed after fear learning151. In addition, a number of studies have documented a 

role for proteins involved in actin dynamics and cytoskeletal rearrangement in fear 

conditioning152,153. Interestingly, the morphological changes associated with long-term 

memory formation appear to be more in branched and mushroom spines rather than thin and 

stubby spines154.  

A number of studies support the idea that the stabilization of selective subpopulations 

of spines could represent a structural basis for memory storage149,154,155. Two very recent 

studies showed that the storage of long-term fear memory results in the elimination of 

dendritic spines, and is closely coupled to the enhancement in AMPAR mediate transmission 

observed after consolidating this memory154,156. Specifically, contextual fear conditioning 

resulted in the integration of newly synthesized AMPARs in hippocampal mushroom 

spines148. This synaptic strengthening mechanism worked in conjunction with spine 

elimination providing a mechanism for encoding information while retaining a constant level 

of synaptic input154. 

 

4) Systems consolidation of fear memory 

A memory does not reside at any one specific anatomical location within the brain, but arises 

from the interactions between two or more systems. Although several limbic and cortical 

brain structures have been identified as being important for emotional memories157-162, I will 
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first describe the two main brain loci critical to the processing of fear memories before 

describing how memories are consolidated at a systems level. 

The amygdala: The amygdala constitutes a group of nuclei situated in the temporal lobe and 

is a critical component of the fear conditioning circuitry160,162. The lateral amygdala (LA) acts 

as the synaptic interface of the amygdala, wherein information representing the auditory CS 

and US from both thalamic and cortical sources163,164, is integrated at the cellular level165. 

After the association and processing of the CS and US inputs in the LA, the information is 

then relayed to the basal amygdala (BA) and then the central nucleus (CEA)166, which 

together with the hypothalamus and areas in the brain stem mediates the expression of 

behavior164,167. In line with this, pharmacological or functional lesions to the LA, prior to 

conditioning consistently result in a deficit in fear conditioning164. Furthermore, as described 

in earlier sections, many of the cellular mechanisms required for the long term consolidation 

and maintenance of memory have been observed in this brain area, suggesting that the LA is 

intimately involved in the processing and storage of fear memories.    

The hippocampus: Since the groundbreaking case of patient H.M., who lost a large portion of 

his memory when his medial temporal lobe was extirpated for the treatment of epilepsy168, a 

plethora of data has linked the hippocampus to memory. Historically, this limbic-system brain 

structure is known to be important for different forms of declarative, spatial and relational 

memory and damage to this structure results in amnesic syndromes14. Traditionally, for 

classical unimodal auditory fear conditioning, the tone is the more salient and predictive 

stimuli for the US and the amygdala is a pivotal point for fear processing169. The dorsal 

hippocampus is thought to play a complex but selective role, required for the configuration of 

contextual stimuli, which are then relayed to the amygdala, but not for the actual CS-US 

associations14. However, if the context is used as the main threatening CS, as with contextual 

fear conditioning, then the hippocampus plays a critical role in acquisition, processing and 

storage of the memory as shown with several sophisticated lesion studies16. Electrolytic 

lesions170 or disruption of glutamatergic signaling and plasticity within the dorsal 

hippocampus have all resulted in retrograde amnesia for contextual, while having little or no 

effect on CS-tone fear. However, the effects of manipulating the ventral hippocampus are less 

clear and more general, with lesions to this area resulting in a loss of tone fear and less 

consistent amnesia for contextual fear171. Furthermore the role of the ventral hippocampus in 

fear conditioning is more pronounced when olfactory cues are used rather than visual and 

spatial cues, the opposite of which is observed for the dorsal hippocampus172. The effects on 
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fear conditioning by manipulation of the ventral hippocampus have been attributed to the 

regulation of emotion by this area173, and interfering with the ventral hippocampus deprives 

the amygdala of information from the entire hippocampus174. Hence the hippocampus may 

play a combinatory role between sensory, emotional and motor relay in tone conditioning 

along with being a critical player in the mnemonic processes underlying memory acquisition, 

storage and retrieval of contextual fear16.  

It is very interesting to note that synaptic plasticity within the hippocampus might also 

be involved in cross-region gating of memory processing. Both the amygdala and the 

hippocampus are involved in the reconsolidation of contextual fear175, and increased 

coherence of rhythmic neural activity in these two areas indicates an increased interaction and 

information flow between the amygdala and hippocampus after fear conditioning176,177, 

although the molecular processes involved in this synchronous activity remain elusive. 

A more prolonged process of memory reorganization to different brain regions follows 

the synaptic consolidation of memory178,179. This gradual process with a time-scale of months 

to years is termed as systems consolidation23 and is consistent with the actuality that 

inactivation of the hippocampus impairs recent, but not remote memories, whereas 

inactivation of different cortical areas in rodents disrupts the recall of remote, but not recent 

memories180-183. Several dorsal hippocampal lesion studies have shown a selective but time 

limited role for the hippocampus in retrograde amnesia184-186 with lesions given 1 day after 

training resulting in a complete loss of contextual fear, whereas lesions given 28 days later 

have no effect184. This is in support of the view of systems consolidation in that the 

hippocampus is required to temporally integrate and keep contextual memory traces stable14. 

Once mature, connections between different cortical areas strengthen and these traces migrate 

to distal locations in the cortex for permanent storage over years14. Wiltgen and Silva (2004) 

suggested that the specificity of context memories was dependent on their requirement of the 

hippocampus, and become more general and less dependent on the original context, as they 

are permanently stored in the cortex183. Thus, regardless of the rate of system consolidation, 

memories can change when they are transferred from the hippocampus to cortex.  

 

5) Allocation of memory to neuronal circuits 

Over the years it has become increasingly apparent that only a small percentage of neurons in 

a particular brain area actively participate in the physical representation of the memory, i.e. a 

memory trace. In the lateral amygdala a total of 10-20% of neurons are at some moment 

thought to represent a memory trace for auditory fear conditioning187. In the hippocampus, 
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gene expression studies have shown that a sparse population of neurons (2-4%) are activated 

in a particular context188,189, and artificial activation of this exiguous ensemble of 

hippocampal neurons activated by fear learning is sufficient for recall of contextual fear130,131. 

Modern optogenetic techniques are being increasingly used to visualize and manipulate 

neurons involved in the representation of neuron ensembles encoding memories. These 

methods range from the detection of IEGs and the use of IEG promoters to forced labeling 

and manipulation of memory traces190. 

Thus, it is very important to understand how fear learning selects the particular 

neurons and synapses for information allocation to prevent interference between various 

memories stored during the lifetime of an animal. In recent years, seminal work from the 

laboratories of Alcino Silva and Sheena Josselyn have provided first insights into this 

selection process 187,191,192. To this end, it appears that neurons with activated CREB due to 

previous learning, are more excitable and biased to be incorporated into subsequent memory 

traces, meaning that one memory could affect the allocation of proceeding memories for 

hours afterward187,191,192.  

Building on this principle, a network of amygdala neurons overexpressing CREB were 

preferentially included into a memory trace, and then selectively deleted by diphtheria toxin 

mediated apoptosis. This choice ablation of CREB-neurons resulted in a selective and long 

lasting impairment of memory due to the selective erasure of the neuronal network that 

supported the fear memory trace192. However, the actual mechanism of what determines this 

neuronal selection remains to be elucidated. Finally, using a transgenic approach, a very 

recent study showed that it is possible to generate an artificial memory trace by activating a 

sparse and specific ensemble of hippocampal neurons193.  

 

6) Similarity and differences between consolidation and reconsolidation of memory: a 

cellular and functional perspective 

The first 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 retrieval, 

which resulted in a loss of memory in subsequent retrieval tests24,194,195. In order to better 

characterize this phenomenon, more sensitive studies from the laboratory of LeDoux and 

others, found that disrupting many of the same cellular processes as initial consolidation; such 

as protein synthesis, activation of the CREB pathway and kinase activity produced amnesia 

that was contingent on memory retrieval18,34. This showed that memory does indeed return to 

a labile state after retrieval and requires a process of reconsolidation in order to persist 
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further32,34,35,69. 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 mechanisms69 and brain regions175,196. However, it is believed that 

reconsolidation is not merely a recapitulation of consolidation18,69,197,198 and comparatively 

less work has been done in conclusively detailing the molecular machinery that selectively 

underlies reconsolidation. I will now briefly explain two of the most studied instances where 

reconsolidation diverges from consolidation at the cellular level. 

Gene transcription: Differences in gene expression pattern are observed between the 

reconsolidation and consolidation of fear memories18. The most notable of these is a double 

dissociation between transcription factors early growth response 1 (Egr1/Zif268) and brain-

derived neurotrophic factor (BDNF). Infusions of antisense oligodeoxynucleotides into the 

hippocampus of rats showed that ZiF268 is selectively required for reconsolidation, while 

BDNF is selectively required for consolidation of contextual fear memory198. Another 

dissociation has been reported for CCAAT-enhancing binding protein-! (C/EBP!), with it 

being required in the hippocampus for consolidation and in the amygdala for reconsolidation 

of inhibitory avoidance memory199. Besides these, a number of other genes have been found 

to be selectively required for one of the two processes and have been described in 

comprehensive review by Tronson and Taylor in 200718.  

Protein translation: Like consolidation, protein synthesis is a hallmark for the process 

of reconsolidation and injection of protein synthesis inhibitors (PSIs) into the hippocampus 

and amygdala prior to or immediately after retrieval results in a disruption of fear memory 

tested 24 h later18,196,200-202. However, unlike with consolidation, PSIs do not disrupt 

reconsolidation over every behavioral paradigm and condition. This emphasizes the fact that 

unlike consolidation, reconsolidation is not ubiquitous over all learning paradigms and that 

several boundary conditions such as age of a memory, strength of a memory and prediction 

error during retrieval mediate the occurrence of this retrieval-induced process18,36,203.  

These differences indicate that reconsolidation is a time-dependent process that is not 

merely a reiteration of consolidation and must have its own functional significance18,197. 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 like PTSD18,31,34,197,204,205. Fear memories are often 

retrieved in the presence of additional information related to CS and US contingencies, and 

adaptive modification of a memory after reactivation maintains the predictive relevance of the 
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memory to guide future behavior197. I will now explore this adaptive nature of reconsolidation 

more in detail emphasizing how this process can be used to modify both the strength and 

content of memory197,204,206. 

With respect to modification of memory strength in reconsolidation, the most widely 

known example is loss of fear response (amnesia) due to intervention with PSIs202. 

Furthermore, it has been shown that re-exposure to the conditioning context prevents the 

decrease in fear responses by ‘forgetting’207,208. Therefore, it has been suggested that brief 

recall and hence reactivation of the memory could gradually increase memory stability, 

thereby maintaining its relevance. This natural process has been mimicked with applications 

of activators of PKA31 and NMDARs209 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 

process18, in which memories could be strengthened or weakened depending on the cellular 

process that is interfered with. Reconsolidation of contextual fear memories engages both the 

hippocampus and amygdala196. However, it has been found that for strong fear memories, 

reconsolidation in the amygdala only takes place when the memory is hippocampus 

independent, i.e., 28 days after training36. 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 modification 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 

reconsolidation46,204. Changes in CS- and US-based contingencies during retrieval or during a 

6 h reconsolidation-sensitive window have been shown to change the content of a fear 

memory, altering fear responses on the long term46. This phenomena of appraisal based on 

US-expectancy is of particular interest for therapeutic purposes. Recent studies have shown 

that a long exposure to the CS alone (extinction therapy) in absence of the US at 10 min or 1 

h, but not 6 h and 24 h, after a retrieval session results in a long-term loss of fear response in 

rodents46. This form of behavior therapy has also been used in humans, with a loss of fear 

response for up to 1 year210. At the cellular level, in the lateral amygdala, a transient synaptic 

removal of calcium-permeable AMPARs, up regulated after consolidation of fear memory, is 

thought to underlie this process144. Very recently, this type of therapy was also shown to be 

effective for other associative learning-based psychiatric diseases, such as addiction211. 

 



Chapter 1 

!30!

7) Preventing the return of fear: from the suppression of fear responses to the erasure of 

memory  

As described in section 2, extinction results in a reduction of the expression of fear, and 

facilitation of extinction learning is possible by interfering with a number of neural systems 

within the extinction circuits of the brain. However, one of the major drawbacks of using 

extinction-based therapy is that it results in a temporary quell in traumatic fear. A more 

effective therapeutic strategy to permanently eliminate pathological fear would be to interfere 

with the memory when it is in an active state vulnerable to disruption, before it returns to its 

inactive state, or by targeted erasure of the memory trace itself. In the following section I will 

touch upon these behavioral and pharmacological interventions that can result in a persistent 

reduction of fear (Fig. 3). 

 

7.1. Behavior manipulation 

Immediate extinction: Davis and colleagues have shown that extinction training immediately 

after fear potentiated startle conditioning in rats, results in a robust inhibition of fear, that is 

resistant to renewal212. This suggests that immediate extinction interferes with the 

consolidation of fear213. However, it has been shown that this form of behavior manipulation 

is not ubiquitous and does not reduce the recovery of fear in the fear conditioning 

paradigm214. In contrast, these recently acquired fear memories appear to be resistant to 

extinction and this immediate extinction deficit appears to last for up to 6 h, but can be 

alleviated by activating the mPFC215,216. 

Post retrieval extinction: As discussed above, the adaptive nature of reconsolidation, can be 

used to successfully prevent the return of fear in humans for periods up to 1 year210, if the 

extinction session is given during the 6 h window of memory malleability46,210. However, 

contradictory results have also been observed with this form of manipulation, when renewal 

was tested at short intervals after reconsolidation update40. Hence, the conditions under which 

extinction training yields impairments in long-term fear memories have still to be studied, as 

reconsolidation update is not generalized, and appears to also have some boundary 

conditions213.  

 

7.2.2. Pharmacological intervention: The easiest way to eliminate unwanted fear is to 

interfere with the consolidation and reconsolidation of fear memories, by the use of   
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pharmacological techniques, such as beta-adrenergic receptor antagonism by 

propranolol217,218. However, this form of intervention does not work for all forms of aversive 

memory219 and thus produces logistical challenges pertaining to the fixed time frame and 

other boundary conditions under which they are successful. 

 

7.2.3. Erasure: Complete erasure of a memory would require the elimination of the entire 

network containing the memory, or the elimination of molecules that are integral to the long-

term maintenance of these memories. Recent advances in the identification and manipulation 

of specific memory traces, as described in section 5 have brought the field one step closer to 

achieving this192. At the cellular level targeting molecules, crucial to the maintenance of 

memories in certain brain areas could result in a permanent erasure of the memory itself.  

 

Figure 3. Preventing the return of fear. 
During initial consolidation and post-retrieval reconsolidation, memories are considered active and 
sensitive to disruption for a fixed time window. Behavioral and pharmacological intervention 
during this period of lability can result in a modification of the synapses involved in the memory 
engram, resulting in a permanent erasure of fear expression. 
Pharmacological intervention of molecular pathways involved in the consolidation and 
reconsolidation of fear results in a loss of the fear memory. Furthermore, behavioral therapy in the 
form of an extinction session given in the first 6 h after acquisition or retrieval results in a long-
term loss of the fear response, possibly due to a disruption of the fear memory itself.  
 

 



Chapter 1 

!32!

8. Scope and outline of this thesis  

It appears that consolidation of memory is a temporal and multilevel process that takes place 

from the synapse to system. Once consolidated a memory can be further subjected to retrieval, 

reconsolidation and extinction. Albeit having no single focal point within the brain, the 

hippocampus and amygdala appear to be crucial for these processes when it comes fear 

memories. At the molecular level, especially for the amygdala, inroads have been made in 

identifying the cellular cascades important for memory. A lot of work remains to be done in 

identifying critical molecular players and temporal plasticity processes required for memory 

processing at the synapse. This in turn would help in development of both behavioral and 

pharmacological therapies that target the hyper-responsive fear system. 

Therefore, in my thesis I aim to understand and delineate the underlying molecular 

mechanisms of contextual fear memory processing at the synaptic level within the dorsal 

hippocampus of mice. In particular, my focus has been to study the:  

1. Temporal changes in protein expression at the hippocampal synapse during the time 

course of consolidation.  

2. The role of glutamatergic plasticity in the adjustment of memory strength and content 

during reconsolidation. 

3. Molecular players that contribute to synaptic plasticity in the reconsolidation process. 

I make use of a contextual fear conditioning paradigm, and focus on the dorsal hippocampus, 

as this brain area has been shown to be critical in the processing of fear memory, when the 

context is the main threatening CS.  

In chapter 2, I use a proteomics approach to study the temporal proteomic profile of 

the hippocampal synaptic membrane proteome in mice that learned to associate an aversive 

US with a CS, and mice that did not form an aversive associative memory. This study aims to 

give a global view of the changes that occur due to consolidation of memory over a period of 

hours after acquisition in the hippocampus. I observed global changes at the synapse that 

appear to require time, being observed at 4 h, but not 1 h after acquisition.  

In chapter 3, I use a combinatorial approach of behavior, biochemistry and synapse 

physiology to study the synaptic plasticity mechanisms that are induced by retrieval and 

underlie the adaptive reconsolidation of contextual fear. We found that retrieval of fear 

memory modifies the membrane expression of GluA2-containing AMPARs and synaptic 

strength in the dorsal hippocampus. This synaptic plasticity exerts an inhibitory constraint on  
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memory strengthening and underlies the loss of fear response by reinterpretation of memory 

content during adaptive reconsolidation. 

In chapter 4, I extended the study of chapter 3 to further elucidate the role of synaptic 

plasticity occurring once the 6 h temporal window of protein-synthesis is closed as well as to 

identify key players involved in this plasticity. We found that 7 h after retrieval there is 

maintenance of GluA2-containing AMPARs at the synaptic membrane accompanied by a 

concomitant increase in PKM!. Furthermore, this maintenance is critical to the inhibitory role 

that the hippocampus plays in strengthening of memories during reconsolidation.  

Finally, in chapter 5, I discuss the results obtained in the broader view of previous 

research on glutamate receptor synaptic plasticity and fear learning. I propose future studies 

that might help delineate the role that molecular alterations and synaptic plasticity within the 

hippocampus might play in different aspects of fear memory processing. 

 
 
 
 


