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‘Nothing fixes a thing so intensely in the memory as the wish to forget it’- Michel de Montaigne 
 

1. Summary and scope of the discussion 

In my thesis I have studied molecular and cellular mechanisms of learning and memory 

formation. In particular, processes behind memory formation, retrieval and re-storing of 

information depend on the type and content of the memory and the exact conditions used to 

study them. I used the well-described Pavlovian fear conditioning paradigm. This widely used 

behavioral paradigm, is a way to measure fear memory in a highly controlled environment39. 

Using this, I have investigated the temporal molecular processes that occur in the mouse 

hippocampus after training and after retrieval of a previously learned contextual fear 

response.  

Although a significant amount of work has been done in identifying key molecules 

involved in the processing of fear memories, most of this work has focused on the lateral 

amygdala69, and not much is known about the synaptic processing of fear memory in the 

dorsal hippocampus. The first aim of my thesis was to examine the temporal changes in the 

synaptic membrane proteome of the mouse dorsal hippocampus after a learned association 

(Chapter 2). In Chapter 3 and 4, I addressed my second aim, to investigate synaptic plasticity 

mechanisms that temporally mirror the processing of memory after retrieval, from a 

molecular and physiological perspective. In Chapter 3, I investigated the role of AMPAR 

plasticity in the adaptive nature of reconsolidation to modify memory strength and content. 

Finally, in Chapter 4, I extended the research done in Chapter 3, to investigate the underlying 

mechanisms and function of this plasticity in the maintenance of memory, after closing of the 

critical 6 h protein-synthesis dependent time window of reconsolidation. 

Here, I will discuss my results in the light of recent work in the field, giving an 

overview of the major conclusions of my research in the dorsal hippocampus, when compared 

with the lateral amygdala. I will first briefly discuss how the hippocampus is involved in 

contextual fear conditioning. I will then discuss the role of glutamatergic synaptic plasticity in 

the consolidation of fear memories in two of the main key loci involved in fear conditioning; 

the hippocampus and amygdala. From here, I will discuss the role of bi-directional glutamate 

receptor plasticity in the reconsolidation of aversive memories, both in the hippocampus and 

amygdala, combining my findings with current knowledge in the field. Finally, I will 

speculate on the role of the hippocampus in the regulation and modulation of fear memories 

with a focus on brain plasticity mechanisms that might mediate memory stability from a 

synaptic to a systems level.  
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2. Contextual fear conditioning and the hippocampus 

Typically, aversive associative memory is consolidated in a time- and protein synthesis-

dependent manner after a neutral conditioning stimulus (CS, such as a tone or conditioning 

context) is paired with a strong noxious unconditioned stimulus (US, typically a foot-

shock)2,3. Once retrieved, this consolidated memory trace is said to return to a state of lability 

and requires reconsolidation to persist further18,23,24,32. Although several brain regions have 

been implicated in fear memories, the dorsal hippocampus16 and the lateral and central nuclei 

of the amygdala162,164,286 are considered to be critical for the processing of contextual and 

auditory fear memories, respectively.  

Experience generates neural activity, which in turn alters neural circuit function 

resulting in a modification of behavior. This activity-dependent change in strength and 

efficacy of excitatory synaptic function is thought to be the neural basis of a plethora of 

normal, adaptive and pathological brain function58. At synapses, different forms of plasticity 

are expressed that can be regulated from the pre-synaptic site by altering the release of 

neurotransmitters or post-synaptically by changing the number, type or properties of 

neurotransmitter receptors269. 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 traces58. 

Mainly through the use of pharmacological and lesion studies, an important role for 

the hippocampus in contextual aversive memories has been elucidated over the last few 

years7,16. With the passage of time, these memories are transferred to cortical brain structures, 

such as the neo-cortex, for long-term storage. These same cortical structures may compensate 

for the hippocampus if this brain structure is damaged prior to training16,287,288. In contrast, 

post-conditioning lesions to the dorsal hippocampus consistently result in a temporally graded 

amnesia for contextual fear, with manipulations done shortly after conditioning resulting in 

significant memory impairment, while lesions made several weeks after produced little or no 

impairment in contextual fear16,220,288. Thus, the hippocampus plays a time-limited role in the 

retrieval of memories that have been consolidated at the systems level20,181,220,289. However, 

the exact role of the hippocampus in contextual fear conditioning has remained obscure. The 

question of whether this structure serves only as an input structure for contextual stimuli 

during conditioning, or whether it functions as a memory structure involved in the 

consolidation, retrieval and storage of associative fear memories has remained open. 

Throughout this thesis I have tried to answer this question by studying molecular mechanisms 

that can affect memory processing over time in the dorsal hippocampus. We made use of 
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variations of a contextual fear conditioning paradigm, where the conditioning context serves 

as the main foreground CS, which is paired with a single unconditioned 0.7 mA foot-shock 

(US). Using these paradigms we showed that molecular pathways within synapses of the 

dorsal hippocampus are differentially activated and critically involved at different stages of 

contextual memory processing, depending on whether the training protocol results in the 

formation of a memory, or not. Furthermore, our results indicated that glutamate receptor-

mediated synaptic plasticity in the hippocampus is involved in the long-term modulation of 

fear by serving as an inhibitory constraint on memory strengthening after retrieval. Finally, 

we showed that the hippocampus gates whether new CS contingencies can be added to a 

memory after retrieval, resulting in the alteration of the long-term behavioral output of fear 

conditioning. Thus, it appears that the hippocampus is not only involved in the processing of 

cues that compose the conditioning context, but that it is also involved in the processing of 

CS-US associations that can regulate the behavioral outcome of fear conditioning over longer 

periods of time. 

 

3. Glutamate receptor plasticity in the consolidation and maintenance of fear memories in 

the hippocampus and amygdala  

Two of the canonical brain regions crucial to the processing of fear memories are the 

hippocampus and the amygdala. Whereas a lot of work has been done in understanding the 

neural pathways responsible for the processing of fear within the amygdala69, the exact 

molecular mechanisms by which the hippocampus acquires, consolidates and stores memories 

remain contradictory and poorly understood. It is well conceived that synaptic strengthening 

in the form of synaptic Long-Term Potentiation (LTP) underlies the consolidation and long-

term maintenance of fear memories. Indeed, in the amygdala several studies have 

conclusively shown that LTP and fear conditioning share several common molecular and 

cellular mechanisms110,164. Enhancement in synaptic strength, as well as insertion of synaptic 

glutamate receptors, have been observed in the lateral amygdala after auditory fear 

conditioning and blocking synaptic plasticity in this brain area results in impairment of fear 

conditioning (Fig. 1)141,164,290.  

For the hippocampus, data are more contradictory. On the one hand, contextual FC 

results in enhanced spontaneous synaptic transmission and synaptic strengthening in the 

hippocampus (Fig. 1)282,291. Furthermore, synaptic plasticity in hippocampal-septal 

projections has been found to play a role in contextual FC, and LTP within the hippocampus 

might be important for context processing during this 162,292. On the other hand, blocking 
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synaptic plasticity through NDMA antagonists in vivo has been shown to block some forms of 

contextual fear memory, while this does not seem to impair memory of a single CS-US 

pairing293, or the process of early consolidation294. At the molecular level, the 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 time course of learning. In line with this, we found no changes in 

synaptic expression of glutamate receptors up to 4 hours after fear conditioning (Fig. 1). 

Besides the processing of contextual cues, the hippocampus is also critical to the regulation of 

negative emotion and stress220. Although low levels of stress enhance LTP and memory, acute 

stress can impair memory295,296. The discrepancies observed across laboratories on the role of 

glutamate receptors might be due to the effect of stress on synaptic plasticity that affects 

hippocampal learning. In our hands, a single strong foot-shock (US) given immediately on 

placement in a conditioning context (CS) induced an up-regulation of glutamate receptors, 

whereas this does not lead to a fear memory 24 h later. We hypothesize that this increase in 

synaptic expression of glutamate receptors could prevent learning-induced plasticity from 

taking place and may underlie the memory deficit commonly observed with this protocol 

(immediate shock deficit)159,223. Interestingly, when the US was given after exploration of the 

CS (delayed shock), this up-regulation was no longer observed and a contextual fear memory 

was consolidated, as could be measured 24 h later. Also, this reversal of protein regulation 

was observed for a large number of proteins involved in synaptic modification, and probably 

underlies the plasticity processes involved in the synaptic consolidation of fear memory. 

Thus, it appears that the temporal placement of the US during conditioning is critical for the 

differential interaction of pathways employed by CS and US processing that results in the 

consolidation of fear memory in the hippocampus. As we looked at temporal protein 

dynamics up to 4 hours after conditioning, we cannot rule out the role of LTP-like processes 

in memory processing at later time points, as recorded by others. However, in Chapter 4 we 

observed no increase in the synaptic expression of GluA2 and no increase in hippocampal 

AMPAR synaptic transmission up to 24 h after conditioning. Furthermore, unlike for the 

amygdala, we along with others showed that the maintenance of LTP and fear memory in the 

hippocampus does not seem to require the activity of PKM!/ZIP target and increased synaptic 

AMPAR trafficking147,229. Although the importance of PKM! in sustaining synaptic strength 

and memory maintenance has recently been brought into question139,140, our data indicate that 

24 hours after training there is no up-regulation of synaptic AMPARs or increased synaptic 
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strength, which supports our conclusion that LTP-like processes do not underlie the long-term 

storage of contextual fear memories within the dorsal hippocampus. 

Thus, although hippocampal LTP may be required for processing of certain stimuli, it 

may not be the only underlying synaptic process involved in the consolidation of contextual 

fear. Furthermore, in the hippocampus a strong interaction between CS- and US-induced 

synaptic plasticity is observed that may be critical to whether a memory is consolidated or 

not. Further studies are required to elucidate the conditions and time frame under which 

hippocampal glutamate receptor plasticity is recruited for contextual fear learning. 

 

4. Glutamate receptor plasticity in the reconsolidation of fear memories 

Once retrieved, fear memories are thought to return to a state of malleability, requiring a 6-

hour protein synthesis-dependent process of reconsolidation to persist further32. However, 

very little work has been done to elucidate the molecular underpinnings of reconsolidation 

and subsequent memory maintenance. In chapter 3 and chapter 4 of this thesis, we aimed to 

identify the role of synaptic plasticity in this process that results in the long-term modification 

of memory and fear responding. We found that a short retrieval of contextual fear induced a 

bi-phasic wave of glutamate receptor plasticity in the hippocampus that lasted up to 7 hours 

after retrieval (Fig. 1). The first part of the wave mimicked a form of synaptic Long-Term 

Depression (LTD) and mirrored the lability phase of reconsolidation and the subsequent 6-

hour protein synthesis-dependent time frame. On the other hand, the second part of this wave 

of plasticity appeared after the 6 hours time window of protein synthesis-dependent 

reconsolidation, it was dependent on the first wave of glutamate receptor plasticity and 

mimicked the maintenance state of LTP. Finally, we found that this bi-phasic wave of 

glutamate receptor plasticity was critical to the modification of memory strength and content 

after retrieval. In the next sections, I will discuss the two parts of this wave in combination 

with similar plasticity processes that have been observed in the amygdala during different 

stages of reconsolidation. 

 

4.1. Role of LTD-like processes in the reconsolidation of fear memory: Amygdala and 

Hippocampus 

Cellular processes of Long-Term Depression (LTD) are known to play a critical role in the 

consolidation of spatial memory297 and have a debated role in cerebellar learning298. In the 

past, this form of plasticity was not thought to be crucial for the consolidation of either 

contextual or auditory fear memories, and amygdala neurons were shown to exhibit decreased 
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firing to a CS not explicitly paired to a US, pointing to a role for LTD in limiting synaptic 

transmission in CS-pathways not correlated with the US162,299. However in recent years, it has 

been suggested that hippocampal 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 subsequent LTP-like mechanisms300.  

Work by us (Chapter 3) and recent work by others in the field have given the first 

evidence for this pivotal role of LTD in both the hippocampus and amygdala after contextual 

and auditory conditioning, respectively144,229. In the amygdala, an elegant study by Clem and 

colleagues showed that the incorporation of calcium permeable AMPARs (CP-AMPARs) into 

synapses 24 h after tone-conditioning heightened the capacity of synaptic weakening 

mediated by mGluR1-dependent LTD144. The authors hypothesized that this reversal of fear-

dependent synaptic potentiation by removal of CP-AMPARS could be increased by 

behavioral therapy in the form of extinction training46, which in turn would suppress the fear 

memory. In line with this, extinction therapy (twice 30 min of only CS presentation) 

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 controls144. Finally, GluA1 mutant animals, carrying a substitution at S845, necessary 

for CP-AMPAR stability, did not show this erasure of fear144. The authors thus concluded that 

behavioral manipulation could disrupt previously established fear by the induction of mGluR1 

dependent LTD by CP-AMPAR trafficking, that reverses synaptic potentiation144. A very 

recent study pointed to a role for the endocytosis of calcium impermeable (CI-AMPARs) in 

the transient destabilization of memory by its retrieval281. The authors showed that blocking 

the endocytosis of GluA2-containing CI-AMPAR prevented the transformation of a 

consolidated memory to an unstable state and that the inhibition of endocytosis also blocked 

the insertion of additional CP-AMPARs that were required for reconsolidation281. These data 

conclusively showed that the removal of CI-AMPARs is a prerequisite for additional CP-

AMPAR insertion on retrieval (Fig. 1).  

In the hippocampus (Chapter 3), we found that AMPAR endocytosis is crucial for 

modulation of fear memories, an event occurring specifically after recall of the memory. 

Retrieval of fear resulted in a temporal wave of synaptic weakening, mediated by the removal 

of AMPARs (Fig. 1). This LTD-like phase was critical for the permanent inhibition of fear 

memory by behavioral manipulation46 and exerted an inhibitory cross gating constraint on 

memory strengthening during reconsolidation229. Although mediated by different AMPAR 
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subunits, synaptic weakening in both the amygdala and hippocampus opens a window of 

synaptic malleability during which a memory can be permanently manipulated with the 

addition of new information.  

 

4.2 Role of LTP-like processes in the reconsolidation of fear memory – Amygdala and 

Hippocampus 

Synaptic stimulation during the late phase of LTP in vitro has been shown to re-sensitize LTP 

to protein synthesis inhibitors301. This process of re-stimulation during the maintenance phase 

of LTP, that returns it to a protein synthesis-dependent state, could be hypothesized to be a 

cellular correlate of memory processing after retrieval, wherein a memory returns to a labile 

state necessitating protein synthesis-dependent reconsolidation in order to re-stabilize. 

Although glutamate receptor-dependent mechanisms appear to be necessary for the 

reconsolidation of memory, strong molecular evidence directly linking LTP-like mechanisms 

to reconsolidation after retrieval have yet to be elucidated.  

Enhancing NMDAR activity in either the amygdala or hippocampus by pharmacological 

intervention has been shown to enhance reconsolidation and strengthen memories209. In the 

amygdala, it appears that the activity of NMDARs is required for the induction of 

reconsolidation of a memory trace35,36. More specifically, Wang, S. et al.36 suggest that the 

hippocampus inhibits reconsolidation of strong memories in the amygdala, and this boundary 

condition is mediated by the down regulation of GluN2B subunits within the latter brain area. 

A very recent study showed, for the first time, a role for the synaptic insertion of AMPARs in 

the reconsolidation of fear memoires in the amygdala (Fig. 1)281. The authors showed that the 

insertion CP-AMPARs could serve as synaptic tags that supported synaptic reconsolidation of 

memory281. The insertion of these CP-AMPARs was dependent on a preceding wave of 

endocytosis of CI-AMPARs and were subsequently replaced by CI-AMPARs over the time-

course of reconsolidation281. 

In line with this, research from our own laboratory (chapter 3 & 4) has shown a 

critical role for AMPAR insertion in the reconsolidation of contextual fear memories in the 

hippocampus. We show that an initial wave of endocytosis of GluA2 containing AMPARs is 

closely followed by the insertion of first GluA1 and then the subsequent insertion of GluA2- 

and GluA3-containing AMPARs (Fig. 1). As in the amygdala, the insertion of these AMPARs 

is dependent on the initial endocytosis of GluA2-containing AMPARs, and follows the time- 

course of reconsolidation. 
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Figure 1. Hypothetical 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 results in a persistent increase in lateral amygdala (LA) 
synaptic strength, which is initially through GluA1-containing receptors followed by the insertion and 
maintenance of GluA2-containing receptors at the synapse. Within the hippocampus, although 
increased spontaneous transmission and synaptic strength has been observed at recent time points (3 
hours) after fear conditioning, but not 24 hours later, no conclusive evidence of increased expression 
of glutamate receptors at hippocampal synapses has been observed either 1-4 hours or 24 hours after 
contextual learning. 
Within the LA, memory retrieval induces the endocytosis of GluA2-containing receptors followed 
closely by subsequent insertion of GluA1-containing receptors causing an unstable state of synaptic 
potentiation. These newly inserted GluA1-contaning receptors are gradually exchanged back to 
GluA2-containing receptors over the course of reconsolidation. Within the hippocampus memory 
retrieval initially results in a decrease in synaptic strength and an LTD-like state due to the 
endocytosis of both GluA1 and GluA2 receptors. This is followed by a re-insertion of GluA1-
containing receptors 4 hours after retrieval. At 7 hours after retrieval, synaptic strength is once again 
increased due to the insertion and maintenance of GluA2-containing receptors at the hippocampal 
synapse. NASPM, GluA23Y and ZIP are pharmacological or molecular (peptides) agents that have 
been used to block the activity or synaptic trafficking and maintenance of the AMPA receptor sub-
units. Dashed lines represent changes that have also been observed in some studies that differ from the 
changes showed in bold lines. 
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Furthermore the increase in GluA2-containing AMPARs seen 7 h after retrieval of memory 

mimics the maintenance of LTP-like mechanisms, that might be evoked by PKM! or a yet to 

be identified kinase, and is critical in the maintenance of an inhibitory constraint on 

reconsolidation of strong contextual fear memories. As discussed in section 3, two recent 

studies have cast a doubt on the role of PKM! as a molecule that maintains LTP and memory, 

as well as the specificity of the PKM! pseudosubstrate ZIP139,140. However, independent of 

this debate, our data show 1) a concomitant increase in PKM! and GluA2 receptor expression 

7 h after retrieval 2) that the application of ZIP results in the removal of surface-expressed 

GluA2 receptors 7 h after retrieval and 3) in an enhanced fear persistent over time. Future 

studies aimed at elucidating the mechanism of action of ZIP, as well as its site of action are 

required to definitively dissect the mechanism by which this inhibitory constraint on memory 

strengthening is maintained through GluA2 receptor-mediated trafficking. 

These studies give a preliminary insight into memory modulation, wherein synaptic plasticity 

in one neuronal circuit can mediate memory processing in a different circuit. The 

development of studies that test the distinct patterns of neural activity at the input and output 

stages as well as network specificity of the synaptic properties of reconsolidation of 

contextual fear will aid in the understanding of post retrieval plasticity both at the synaptic 

level and at the level of brain circuitry. 

 
5. Hippocampal regulation of aversive memories 

Over the years a lot of work has been done in rodents to show that the dorsal hippocampus is 

important to the processing of fear186,287,302,303. The hippocampus is involved in the regulation 

of negative emotions and stress, as well as the processing of contextual memories220. 

However, the molecular construction of this link had not been studied in depth. 

In this thesis I have tried to elucidate molecular mechanisms within the dorsal 

hippocampus that underlie the processing of contextual aversive memories both immediately 

after conditioning as well as after its retrieval, the disruption of which affects underlying 

memory and hence behavior, both at the short and long term. In Chapter 2, we found that a 

large number of proteins, belonging to a variety of functional classes, are regulated when an 

animal is given a foot-shock that is paired to a conditioning context. Furthermore, an unpaired 

foot-shock also results in a global change in protein expression with time. From the data we 

collected, it appears that the formation of an aversive memory changes the direction of 

expression of a large number of proteins regulated by an aversive stimulus alone. This is in 
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line with studies that have shown that the hippocampus regulates negative emotion and stress, 

that in turn can affect the outcome of aversive memory formation220.  

The hippocampus has also been implicated in the contextual gating of fear220,304, and 

is thought to be necessary to keep fear and vigilance under control305. To this end, we showed 

that once retrieved, the hippocampus is involved in the inhibitory gating of contextual fear 

memories, such that a bi-phasic wave of glutamate receptor plasticity within synapses of the 

dorsal hippocampus prevents the strengthening of memory after reconsolidation. However, 

the question remains of how this plasticity within hippocampal synapses can gate the 

expression of fear. I will now briefly speculate on this role of the hippocampus from a 

synaptic to a systems level. 

In the hippocampus it has been shown that optogenetic activation of a specific but 

sparse population of neurons participating in a memory trace is sufficient for the recall of a 

fear memory188. It is intriguing that although a very small percentage of neurons are thought 

to be actively recruited to a memory trace in both the amygdala141,187,192 (!10-20%) and 

hippocampus148,188 (!3%), we along with others have been able to measure memory-induced 

synaptic plasticity in a much larger percentage of synaptic connections in whole brain 

structures142,144,145,229. To reconcile these findings, it is interesting to hypothesize that the 

synaptic plasticity processes we measure are a form of cellular and network memory trace 

sculpting mechanisms that may occur in two possible ways. In the first case, LTD-like 

processes occur in learning-activated cells, but at non-activated synapses. This neural activity 

in one set of synapses could modulate subsequent plasticity in a smaller subset of synapses 

that ensures an efficient modification of the synaptic strengths of the behaviorally recruited 

neural network. This hetero-synaptic regulation306 of memory would enable the activated 

neurons to prune and modify their synaptic information for long-term encoding. Indeed, in 

vitro studies have shown that LTP and LTD can occur at spatially segregated compartments 

in the same cell307,308 and that stimulation at one set of synapses affects synaptic plasticity at 

another set of synapses at later time points309-311. For example, a strong priming stimulus 

facilitates the induction of LTD that inhibits the subsequent induction of LTP in neighboring 

synapses309,310. In the second scenario, the synaptic plasticity mechanisms we measure could 

be occurring among general populations of neurons that are not activated by specific 

learning/retrieval stimuli, resulting in a network-level sculpting of the memory trace by 

lowering background firing and increasing the signal-to-noise ratio within the local network. 

In line with this, previous research has shown that exploration of a novel environment results 

in a broad effect of LTD-like responses in a local hippocampal network312,313, and that LTD-
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like processes play a role in information sculpting that constrain long-term memory233. It is 

interesting to note that these two forms of cellular and network regulatory plasticity that I 

described may not be exclusive and could be acting synchronously. Furthermore, these forms 

of regulatory plasticity can be induced by environmental stimuli, like stress, and have been 

implicated in the destabilization of fear memories after retrieval that can affect subsequent 

plasticity and re-stabilization of memory in relevant neural circuits278,306. In line with this, we 

have shown that the retrieval of a contextual fear memory results in the induction of LTD-like 

processes of synaptic weakening that inhibit the subsequent strengthening of memory, which 

may be mediated by strong LTP-like processes, however, in a sparse population of synapses. 

This would allow a homeostatic process that adjusts plasticity thresholds and keeps the 

overall level of synaptic drive to a neuron or network within a range permitting plasticity to 

be expressed. Thus, it might be speculated that the changes in synaptic connections within the 

same cell or neighboring neurons plays a role in memory stability by augmenting the 

sensitivity of memory traces to behavioral input, thereby allowing stored memories to become 

readily modifiable.  

At the systems level, it is very interesting to note that synaptic plasticity in 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. A number of projections exist between the amygdala and the hippocampal 

formation314 and stimulation of the amygdala perpetuates synaptic plasticity mechanisms, like 

LTP in the perforant path of the hippocampus in freely moving rodents315,316. Reciprocally, a 

recent study showed that the hippocampus gates amygdala-based fear via a prefrontal 

inhibitory circuit304. Also in humans, FMRI studies have shown that a reciprocal dependence 

between the amygdala and hippocampus exists during the early stages of the encoding of 

emotional memories317. However the molecular processes involved in this synchronous 

activity remain elusive. There is emerging evidence that the hippocampus may exert an 

inhibitory constraint on memory strengthening during reconsolidation that could prevent from 

excessive fear, such that strong fear memories undergo reconsolidation in the amygdala only 

when they are no longer hippocampal dependent, and this inhibitory gating was found to be 

dependent on the NMDA receptor subtype36. In line with this gating role of the hippocampus, 

we have shown that hippocampal LTD-like mechanisms and subsequent maintenance of 

synaptic strength is crucial in maintaining an inhibitory constraint on memory strengthening 
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after retrieval, as interfering with either one of these processes results in enhanced fear, 

persistent over time. Future studies aimed at identifying the neuronal sites and synaptic 

correlates of LTP and LTD at the systems level would be critical to understand the causal role 

of plasticity in neuronal circuits of different brain regions that work synchronously to process 

different aspects of a fear memory.  

Taken together, we have irrevocably shown that a plethora of synaptic proteins are 

regulated in the hippocampus both by learning and the stress of an aversive stimulation. 

Furthermore, we show that a mechanism of glutamate receptor plasticity after retrieval 

contributes to a regulatory role for the hippocampus in the processing of fear wherein this 

brain structure can gate the strength and content of contextual fear. 

 

6. Conclusions 

Synaptic plasticity in the form of LTP- and LTD-like processes confer bi-directional plasticity 

to synapses that allows for transient information to be permanently stored as memory traces 

within the brain58,269. It is becoming clear that there is a precise requirement of these two 

forms of plasticity in different brain areas at different time points during the processing of 

memory. Although consolidation and reconsolidation of fear memories share some common 

substrates and functional roles, different synaptic plasticity mechanisms appear to be recruited 

during these two processes in the hippocampus and amygdala, and in exclusive temporal 

patterns. The consolidation of fear appears to immediately recruit LTP-like mechanisms in the 

amygdala leading to a strengthened synapse. However within the hippocampus there appears 

to be a more complex process and interaction of CS and US processing that determines 

whether plasticity mechanisms are recruited for consolidation. Furthermore, the maintenance 

phase of LTP appears to mediate long-term storage of auditory fear memory in the amygdala, 

but not the hippocampus. Although the hippocampus is critical for the consolidation of both 

foreground (when the context is the only static stimulus associated with the US) and 

background (when the context is present, but not explicitly paired to the US) contextual fear 

memories, the long-term storage of foreground contextual fear appears to be mediated by LTP 

maintenance in the amygdala146 and not the hippocampus. However, a molecular correlate of 

this phase of synaptic plasticity has a temporarily defined role during hippocampal 

reconsolidation of contextual fear, as shown in this thesis.  

After retrieval, synaptic plasticity is critical for the reprocessing of the established 

memory trace and gives added flexibility that allows for synaptic modifications that can 

modulate behavior. LTD-like mechanisms play a prominent role in a 6 h time window after 
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retrieval in both the hippocampus and amygdala, albeit mediated through the endocytosis of 

different type of AMPAR subunits. Once a memory trace is rendered labile after retrieval, 

synaptic weakening allows for new contingencies provided by an extinction session, to be 

added to the memory, resulting in a modification of subsequent behavior. Finally, we show a 

role for the hippocampus in the inhibitory gating of fear after retrieval. This could be 

mediated through the interaction of synapses of the tri-synaptic circuit within the 

hippocampus or between different brain areas involved in the fear processing. 

The dissection of specific neuronal subpopulations that are functionally interconnected 

will aid in understanding how memory circuits mediate the dynamic processing of fear. 

Finally, the development of new techniques that combine optogenetic manipulation and 

physiology are greatly expanding our understanding of the neural coding of fear188,193,318,319 

and will further guide the development of therapeutic strategies that constrain fear by 

targeting molecular cascades of synaptic plasticity. 

 
 


