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English  Summary 
 

Learning and memory have proven to be remarkable mental processes that have been 

conserved through evolution from mouse to man. These neurological phenomena draw on an 

animal’s ability to adapt and modify their behavior after experience-based learning, and retain 

these ideas as memories over longer periods of time.  In the case of antagonistic experiences, 

an animal learns to couple environmental stimuli to the aversive event resulting in a robust 

aversive associative memory that can have lifetime prevalence. Depending on the event, and 

the individual the learning may be maladaptive and the resulting memory would be traumatic. 

For the development of new types of therapies and drugs to treat such anxiety disorders, it is 

necessary to understand how memory is formed, stored and retrieved. 

In the laboratory, in order to study behavior, we make use of a variation of Pavlovian 

conditioning, known as fear conditioning, in order to study the neurobiological basis of 

learned fear and memory. This form of associative learning was first described by Pavlov in 

1927, wherein his dog formed an association between a normally neutral stimulus 

(Conditioned Stimulus; CS), in the form of a ringing bell, and an Unconditioned Stimulus 

(US), a piece of meat, so as to elicit a drooling response every time the bell was rung in the 

absence of food, termed as a conditioned behavioral response (CR). In my thesis I have 

adapted this concept in the fear conditioning test in which the context of the behavioral box is 

the CS and a single 0.7mA foot shock is the US. Within the brain, I have focused mainly on 

the hippocampus, which in cooperation with the amygdala is critical to the processing and 

formation of associative learning of a specific context and foot shock. 

Once acquired, memories are not static and are dynamically processed over time. A 

memory is stabilized from an initially unstable short-term memory into a persistent long-term 

memory by the process of consolidation. This storage of memory first takes place at the level 

of synaptic communication in specific brain regions, including the hippocampus, and then 

across different brain systems with the passage of time. Once consolidated these memories 

can also be retrieved, wherein a memory is returned to an unstable state for a short period of 

time, and requires a process of restabilization known as reconsolidation to persist further. In 

addition, a fear memory can be suppressed by the repeated presentation of the CS in the 

absence of the US, which results in the formation of an extinction memory. However, in such 

a scenario, the original fear memory is not erased but (temporarily) suppressed, enabling it to 

resurface under certain circumstances such as the passage of time. From a therapeutic 
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standpoint, aversive memories can be permanently modified in their strength and content 

when they are unstable in the hours after retrieval. However the molecular underpinnings of 

this adaptive nature of memory have so far remained elusive. 

At the cellular level, experiences generate neural activity, which in turn induces 

changes in gene and protein expression that result in synaptic plasticity. This synaptic 

plasticity is critical for the encoding of transient experiences into permanent memories by the 

process of consolidation. This plasticity is regulated either pre-synaptically through changes 

in vesicle release for example, or post-synaptically through changes in the number, type or 

properties of receptors and underlies the synaptic strengthening or weakening that is required 

for memory processing. The mechanisms of synaptic storage of fear memory is well studied 

in the amygdala, however a lot of work remains to be done in identifying critical molecular 

players and temporal plasticity processes required for the dynamic processing of contextual 

fear memories at the hippocampal synapse. This in turn would help in the 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:  

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

course of consolidation.  

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

during reconsolidation. 

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

 

Chapter 2: Time-dependent changes in the hippocampal synaptic membrane proteome 

after contextual fear conditioning 

This chapter describes protein changes at the hippocampal synapse after fear conditioning 

with either a delayed (the foot shock is delivered at the end of the training session) or an 

immediate shock (the foot shock is delivered at the beginning of the training session), only 

the former of which results in the formation of an aversive associative memory, while the 

latter serves as a control for a stress response to the footshock. Using this setup, I have looked 

at proteins that are regulated by 1) learning 2) the stress of the footshock alone and 3) the 

interaction of the two.  Previous literature has shown that contextual fear conditioning using 

this protocol results in 2 waves of protein synthesis, one around the time of conditioning and 
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another one around 4 hours later. In line with this, we chose these time points to compare by 

mass spectrometry. 

We found that learning and stress caused temporal changes in proteins from different 

functional groups and remarkably stress caused the largest regulation of protein expression. 

The specific role of the set of proteins which exhibit an opposite regulation by learning versus 

stress are interesting to identify for further studies. Furthermore, I have shown that proteins 

from the class of glutamate receptors are upregulated specifically by stress and not by 

learning. Stress has been shown to engage the same underlying molecular mechanisms such 

as synaptic plasticity in the hippocampus, impairing and occluding subsequent synaptic 

potentiation that underlies learning.  In line with this, at the molecular level we see an 

exclusive up regulation of synaptic glutamate receptors in animals that receive an immediate 

shock, which may prevent the consolidation of the fear memory resulting in the learning 

deficit seen in this group. 

Taken together, this proteomic study in Chapter 2 provides preliminary insight into the 

temporal dynamics of global changes taking place in the hippocampus by contextual learning, 

which may affect synaptic plasticity involved in memory formation. Furthermore this study 

indicates that the temporal placement of a foot shock during conditioning greatly influences 

temporal protein expression that can be critical to the effective consolidation of fear memory. 

 

Chapter 3: Retrieval-specific endocytosis of GluA2-AMPARs underlies adaptive 

reconsolidation of contextual fear 

In this chapter we describe hippocampal synaptic plasticity mechanisms in the form of AMPA 

receptors (AMPAR) regulation, that underlie the process of adaptive reconsolidation during 

which a contextual fear memory can be modified in both strength and content.  

To this end we found that a short retrieval of contextual fear results in a bi-phasic 

response of AMPAR protein regulation. We found that retrieval induces a an initial phase of 

endocytosis of AMPARs from the membrane fraction of dorsal hippocampal synapses 1 h and 

4 h after retrieval, followed by a re-insertion 7 h after retrieval. This regulation was no longer 

observed 24 h after retrieval. This bi-phasic regulation mirrors the phases of instability and 

subsequent stability of the reconsolidation process that points to a potentially important role 

of AMPAR trafficking in adaptive reconsolidation. The AMPAR protein regulation was 

confirmed by electrophysiological measurements, indicating that retrieval of memory is 

followed by a phase of synaptic depotentiation, and subsequent potentiation. Blocking the 

first part of the wave, i.e. the endocytosis, by means of a specific protein (TAT - GuA23Y) , 
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also attenuated the second half of the wave, i.e. the re-insertion of AMPARs . Moreover, at 

the level of behavior, this blockade increased the fear response at both the short-term (2 

hours) and at the long-term (24 hours). This indicated that AMPAR endocytosis plays an 

important role in the reconsolidation process by modulating the strength of the memory. 

An extinction session given during reconsolidation (reconsolidation update therapy) 

results in a long-term suppression of the fear response, due to a modification of memory 

content. I initially showed that this phenomenon was also observed for contextual fear in 

mice. Moreover, by using the endocytosis blockade (TAT GuA23Y), I show that the long-

term behavioral effects of reconsolidation update therapy are attenuated, showing that the 

observed AMPAR plasticity is also important for modulating memory content during 

reconsolidation. 

Taken together, these data showed that retrieval specific endocytosis of GluA2-

containing AMPARs allows plastic changes at the synaptic level that exerts an inhibitory 

constraint on memory strengthening and underlies the reinterpretation of memory content 

during adaptive reconsolidation. 

 

Chapter 4: A possible role for PKM! / ZIP target in the maintenance of hippocampal 

inhibitory gating to protect from excessive fear after memory retrieval  

In this chapter I extended the work done in chapter 3 to further investigate the key players in 

the AMPAR plasticity observed 7 h after retrieval, when reconsolidation is no longer protein-

synthesis dependent.  

A protein that may be of interest for maintaining GluA2 - containing AMPARs in the 

synaptic membrane is PKM!. In my experimental design, PKM! appeared to be 

concomitantly upregulated with GluA2 7 hours after the retrieval of memory. Furthermore, 

application of a peptide, known as  pseudo substrate inhibitory peptide (ZIP), for this kinase 

(ZIP) reversed the molecular (upregulation of GluA2) and cellular ( faster decay of AMPAR ) 

effect observed, specifically in animals in which the fear memory was retrieved, and not in 

control animals. At the behavioral level, blocking the second part of the wave by ZIP, resulted 

in a similar phenotype as when the first part of the wave was blocked (chapter 3), i.e. there 

was an increase in the fear response. Like the timed upregulation of GluA2, the effect of ZIP 

was observed only when it was applied at the time of the upregulation (6-7 hours), and does 

not 24 hours later. 

Taken together, this study indicates that, despite the current debate about the role of 

PKM! in consolidation and the specificity of the peptide, AMPAR plasticity in the dorsal 
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hippocampus is important in constraining memory strengthening during reconsolidation, and 

identifies PKM!/ZIP target as key player in this process. 

 

Conclusion 

In this thesis I have tried to give the first insights into the molecular mechanisms that underlie 

the formation and maintenance of contextual fear in the dorsal hippocampus. By making use 

of temporal protein assays during the processes of memory consolidation and reconsolidation, 

I have shown that specific plasticity processes at the hippocampal synapse are important for 

the formation, dynamic processing, and maintenance of fear memory. These new molecular 

mechanisms may guide the development of therapeutic strategies that modulate memory and 

constrain fear. 

 


