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Abstract 

Retrieval of a memory appears to render it unstable until the memory is once again re-

stabilized or reconsolidated. Although the occurrence and consequences of reconsolidation have 

received much attention in recent years, the specific mechanisms that underlie the process of 

reconsolidation have not been fully described. Here, we present the first electrophysiological 

model of the synaptic plasticity changes underlying the different stages of reconsolidation of a 

conditioned fear memory. In this model, retrieval of a fear memory results in immediate but 

transient alterations in synaptic plasticity, mediated by modified expression of the glutamate 

receptor subunits GluA1, GluA2, and GluN2B. Retrieval of a memory results in an immediate 

impairment in Long Term Potentiation (LTP), which recovers 6 h following memory retrieval. 

Conversely, memory retrieval results in an immediate enhancement of Long Term Deppression 

(LTD), which decreases with time. These changes in plasticity are accompanied by increased 

immediate expression of GluN2B and decreased expression of GluA1/2 receptor subunits. 

Recovery of LTP and LTD correlates with progressive normalization in GluN2B expression 

(return to pre-retrieval levels), and subsequent overexpression of GluA2 receptor subunits 

(above pre-retrieval levels).  The contribution of each receptor was confirmed by interfering 

with receptor expression at the postsynaptic sites. Blocking GluA2 endocytosis restored LTP 

and attenuated LTD during the initial portion of the reconsolidation period, while antagonism of 

GluN2B attenuated LTD. These findings suggest that altered glutamate receptor expression 

controls different forms of synaptic plasticity during reconsolidation.  
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Chapter I 

Introduction 

1.1. Memory Formation: 

Memory formation in mammals is a complex phenomenon which involves a series of 

interconnected and interdependent physiological, anatomical as well as biochemical steps. The 

process involves different areas of the brain which function in a coherent manner to produce a 

series of events that constitutes what is called memory formation. Each area has its own 

important role to play in the entire process, which results in the formation of new memory traces 

(the so-called memory ‘engrams,’ formed by de-novo protein synthesis) which, after becoming 

stable, are processed for long term storage. There are different types of memory, all distinct 

based on the information they contain. If we specifically discuss declarative (explicit memory, 

e.g. memorizing words) and propositional memories (non-declarative memory, e.g. learning to 

ride a bike, Squire et. al, 2004, 2005, 2007, 2011, 2012, 2013, 2014 and 2015, and Tulving, 

2003), their processing in the brain relates to sub regions of the medial temporal lobe. The region 

under consideration is generally referred to as the hippocampus (Greek word for sea horse 

because of its shape). Memory regions are extremely interconnected and positioned in close 

proximity of each other, with connections to other areas of the brain such as the cortex, amygdala 

and the cerebellar formation. 

1.2. The Hippocampus: 

The hippocampus is one of the most significant and major sub-structures of the 

mammalian brain that is involved with formation, processing and storage of memory, as well as 

the main are for processing of contextual and spatial information (Verfaelli et. al, 2015 and 
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Eichenbaum et. al, 1999). The structure lies anatomically within the medial temporal lobe and is 

a part of the limbic system. The cerebral cortex forms the roof of the hippocampus and is deeply 

innervated by afferent and efferent fibers from the hippocampus (Tromp et. Al, 2015 and Gray 

et. Al, 2015). Evolutionarily, the hippocampus is considered to be an extension of the contours of 

the cerebral cortex (Shomrat et. Al, 2015 and Bartsch et. Al, 2015). The hippocampus is a 

laminar structure that consists of microscopically distinct packed areas of pyramidal cells. The 

hippocampus is divided in sub-regions based on synaptic connections within the structure (Fig. 

1A), namely the Dentate Gyrus (DG), Subiculum, Entorhinal cortex (EC), and the Schaffer 

Collateral Pathway (SC pathway), which is further subdivided into the CA1, CA2, CA3 and CA4 

areas (Harris et. Al, 1992). Longitudinally, the hippocampus is divided into dorsal and ventral 

regions. This general structure is conserved across a wide variety of animals, suggesting the 

importance of this particular laminar arrangement in the formation and storage of memory.. The 

hippocampus is present in the two brain hemispheres, with the two halves of the structure being 

joined at the stem area by hippocampal commissures that traverse the central division under the 

anterior corpus callosum. The EC (Entorhinal Cortex) is cocooned within the parahippocampal 

gyrus and is connected with the cerebral cortex in a very complex manner (briefly depicted in 

Fig. 1B). The EC receives afferent neuronal appendages from several other nuclei like the medial 

septal nucleus, anterior nuclear complex and nucleus reuniens of the thalamus, supramammillary 

nucleus of the hypothalamus, raphe nuclei and locus coeruleus in the brainstem (Lewis and 

Shute, 1975). The major pathway out of the EC is known as the perforant pathway as its 

neuronal outgrowths puncture the subiculum while projecting from the pyramidal cells in layer 

II. These projections ultimately send their inputs to the granule cells in the DG and sparsely 

innervate the CA3/CA1 collateral bundles. The internal sub regions of the hippocampus have 
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extensively connected circuitry that helps process the flow of information during memory 

formation. (Burgess and Bavers, 2010, Novick et. Al, 2009 and Krause-Utz et. al, 2014). The 

Dentate Gyrus (DG) forms an intermediate connecting region between peripheral areas of the 

hippocampus and the SC pathways.. The DG is composed of three different types of cells 

(granule, molecular and polymorphic), and comprises a significant part of the Mossy Fiber 

pathway (Kemperman et. al, 2015, Nakahara et. al, 2015, McAvoy et. al, 2015, Hansen et. al, 

2015, Yu et. al, 2014 and Llorens-Martin et. al, 2015). The DG is an an important structure 

because of  its role in inhibitory networks mediated by interneurons that project on to the SC 

CA3/CA1 region (Li et. al, 2015, Kann, 2015, Wadiche and Wadiche, 2015, Chancey et. al, 

2014, Tsai et. al, 2012 and Markwardt et. al, 2009).  

The hippocampus plays an extremely important role as a determinant in the ultimate fate 

of a newly formed memory (Kim et. al, 2015, Zhang and Jacobs, 2015 and Rosatto et. al, 2015). 

Furthermore, retrieval of a memory appears to involve the hippocampus (Wiltgen et al., 2010) 

and restabilization of memory after retrieval also requires hippocampal activity (Rao-Ruiz et al., 

2012). The present project investigates how retrieval of a newly formed contextual memory 

depends on hippocampal activity related to its destabilization and subsequent stabilization, in a 

process known as memory reconsolidation.  

1.3. The Hippocampus and Memory: 

The exact role of hippocampus in memory formation is still not clear. However, de novo 

protein synthesis in the SC CA3/CA1 pathway appears to be particularly important in case of 

new memory formation (Fado et. al, 2015, Dubue et. al, 2015, Suga et. al, 2015, Furini et. al, 

2015, Fioriti et. al, 2015, Jarome et. al, 2014). Hence, it is generally agreed that the hippocampus 

plays an important role in contextual learning and memorization of learned events for long term 
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usage (Wojtowicz et. al, 2015, Uchida et. al, 2015, Leser et. al, 2015, Bailey et. al, 2015, giese 

et. al, 2015). Both the Morris Water Maze tasks (a test for spatial memory analysis, Morris et al., 

1982, Devan and White, 1999; Pouzet et al., 1999) and the contextual fear conditioning task 

(Phillips and LeDoux, 1995; Maren and Fanselow, 1997; Bannerman et al., 2001) are sensitive to 

disrupted hippocampal function. The major excitatory neurotransmitter system present in the 

hippocampus is the glutamate and its target receptors that are responsible for memory encoding 

(Orzeł-Gryglewska et al., 2015, Mather et al., 2015). We will discuss the neurotransmitters and 

their receptors in detail in the successive sections of this chapter. The process of memory 

formation in the hippocampus involves formation of fragile traces when learning tasks are 

undertaken. These traces are formed and generated by complex and controlled de novo protein 

synthesis (Phillips and LeDoux, 1995), and specific post translational modification of existing 

proteins, particularly phosphorylation and dephosphorylation (Ogawa et al., 2015, Guida et al. 

2012, Hinnebusch 2015 and Marquez et al., 2015). Receptor trafficking and endocytosis are 

equally important in process new memory formation (Rao-Ruiz et a., 2015 and 2011). Once a 

trace is formed after performing a task, the trace progressively becomes stable over a period that 

can range from 5-6 h to several days (Monfils et al., 2014, 2013 and 2011). This process is called 

memory consolidation.  

The present project investigates contextual memory the consolidation of which, is highly 

dependent on the hippocampus (in conjunction with other structures such as the amygdala).  It 

was previously thought that, once memory traces are formed in brain regions including the 

hippocampus, they are stable and not prone to any further changes. However in the last decade, it 

has been found that once consolidated, memories are still malleable to changes under certain 

circumstances. If the memory is recalled in an extremely similar environment (having the same 
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context, e.g. smell, sound, light), the memory trace can become fragile or unstable once again. 

This process of recalling the memory trace is known as retrieval. After retrieval (post-retrieval), 

the unstable memory must be stabilized once again. This process is referred to as 

reconsolidation. At the present time, it is known that the hippocampus and amygdala play an 

important role in reconsolidation of contextual fear memories; however, the specific changes that 

lead to reconsolidation in the hippocampus have been less well described than those taking place 

in the amygdala. Better describing the role of hippocampal function during reconsolidation of 

memory is one of the principal questions that will be investigated in Chapters III-V.  In the 

following chapter we will discuss the processes of consolidation and reconsolidation in detail, 

particularly in relation to memories associated with fear and the role played by glutamate 

receptors. 

1.4. Glutamate receptor system: 

Glutamate is the major excitatory neurotransmitter in the vertebrate central nervous 

system. Glutamate receptors are crucial for synaptic plasticity mechanisms including LTP 

(Fonseca et al. 2006; Schmitt et al. 2005) and LTD (Bear & Abraham 1996). LTP and LTD are 

relatively long-lasting increases in synaptic strength (average change in the voltage or current of 

the post-synaptic neuron), which can be induced across synapses depending on various 

stimulation parameters (like High Frequency or Low Frequency stimulus). LTP and LTD are 

widely accepted cellular models of memory formation (Collingridge et al 2010; Lynch 2004). 

The two major glutamate receptors, N-Methyl-D-Aspartate receptors (NMDARs) and α-amino-

3-hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs) are involved in the induction 

and maintenance of both LTP and LTD (Carroll & Zukin 2002; Schmitt et al. 2005; Yashiro & 

Philpot 2008). 
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Recent advances in molecular biology have made it possible to study the structure of both, 

AMPARs and NMDARs. Overall, the glutamate receptors are composed of an agonist-binding 

domain and three transmembrane domains: a cytoplasm facing loop domain, an N-terminal 

domain (NTD), and a cytoplasmic C-terminal domain (CTD, Fig 1.2 and 1.3) (Mayer and 

Armstrong, 2004). It was only in the mid-nineties that the detailed structure of the glutamate 

receptors was resolved. Later it was shown that the S1S2 units constituted the agonist binding 

core of the AMPARs and NMDARs (Stern-Bach et al., 1994; Paas et al., 1996; Swanson et al., 

1997; Foucaud et al., 2003).  

The NMDARs are more complex in their structure, heteromerism and subunit 

stoichiometry. NMDARs have Mg2+ binding sites that can act as an ion-channel blocker. An 

important non-competitive antagonist for NMDARs is the drug Ifenprodil, which binds to the 

glutamate binding site of the receptor (Masuko et al., 1999; Paoletti et al., 2000; Zheng et al., 

2001; Perin-Dureau et al., 2002). Importantly, agonist and antagonist binding is more complex in 

NMDARs compared to AMPARs because NMDARs require simultaneous binding of glycine 

along with glutamate for the receptors to be activated. Two obligatory GluN1s are required for 

receptor activation because they have the Glycine binding sites. It was initially suggested that 

receptor stoichiometry only allowed GluN1/GluN2A or GluN1/GluN2B to exist. However, it 

appears that more than 50% of the NMDARs are actually heterotrimers formed of two GluN1s 

and a mixture of GluN2A/B (Kasper et al., 2010). This newly found receptor population data is 

still under intense investigation. Ifenprodil has been found to be selective towards GluN2B 

subtypes (Honjie et al., 2014). The affinity of Ifenprodil for GluN2B NMDARs was used in the 

present research to antagonize the GluN2B receptor subtype with minimal effects on the 

GluN2A receptor subtype. Note that after this project was completed,  a newer subclass of drugs, 
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the TCN-201 series (Honjie et al., 2014), has been developed with a partial agonism for the 

Glycine binding site in the GluN2 heteromer, with resulting higher selectivity towards the 

GluN2B subunit than Ifenprodil; subsequent research will benefit from the higher specificity of 

this novel antagonist..  

The complex nature of NMDARs has led to them being called “coincidence detectors”, 

given that these receptors function only when there is a surge of glutamate released from the 

presynaptic neurons, alongside the presence of glycine, an important co-activator of the receptor 

heteromers. NMDARs need depolarization mediated by AMPAR activation, for the removal of 

the voltage-gated Mg2++ blockade. The above mentioned properties of NMDARs are 

particularly important for synaptic plasticity and memory reconsolidation (Huganir et al., 2012). 
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The S1/S2 amino acid sequences are blocked by introduction of two semi transmembrane 

portions which along with the pore helix structure and the loop structure, make the size defining 

ion-entry domain (Kuner et al., 1996; Kuner et al., 2001; Panchenko et al., 2001; Wang et al., 

2002). The pore is wide enough to barely allow Na+ and K+ ions to pass through, and the pore 

loops in GluRs are flexible torsionally to permit movement of Na+/K+ ions. The CTDs of 

glutamate receptors vary in length, with the CTD of NMDRs being comparatively larger than 

that of AMPARs. The CTDs bind to several cytoskeletal proteins and are deemed important for 

receptor trafficking and endocytosis (Scannevin and Huganir, 2000; Sheng et al., 2001). The 

CTD is of particular importance to the present research because we use a C-terminal tail-

mimicking peptide that is tagged with the TAT-delivery system to block receptor endocytosis.  

1.5 Glutamate receptor system and synaptic plasticity: 

 Glutamate receptors are thought to play an important role in reconsolidation through 

their effect on synaptic plasticity. In this section we will describe their role in plasticity. Synaptic 

plasticity is a process responsible for long lasting changes in synaptic efficacy (Fung and Lau, 

1989; Malinow and Malenka, 2002; MacDonald et al., 2006; Genoux and Montgomery, 2007), 

which are presumed to be the cellular substrate of learning and memory (Alkon and Nelson, 

1990; Kandel, 1997). AMPARs and NMDARs appear to play equally important roles in different 

forms of synaptic plasticity The two forms of plasticity patterns that have been widely studied in 

context of the mammalian nervous system are LTP and LTD. The fact that a short period of 

synaptic stimulation (of high- or low-frequency) can initiate persistent and long lasting changes 

of synaptic transmission expressed for several hours and often longer makes LTP and LTD prime 

candidates  for memory research(Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973). Over 

the past three decades, extensive work in the field of electrophysiology and the system-level 
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dissection of LTP (high frequency stimulation) and LTD (low frequency stimulation) has 

reinforced the view that these two forms of plasticity are extremely relevant for the 

understanding of memory formation (Zoghbi et al., 2000; Martin et al., 2003).  However, there 

are conflicting views on the cellular mechanisms involved in  memory formation. One view 

highlights the role of postsynaptic exocytosis; infusing postsynaptic hippocampal neurons with 

toxins capable of specifically perturbing membrane fusion blocked LTP (Lledo et al., 1998). 

Another study in cultured neurons identified a particular kind of receptor exocytosis dependent 

on activation of Calcium Calmoduline Kinase II (CaMKII) (Maletic-Savatic et al., 1998), an 

enzyme that plays a critical role in LTP and LTD expression (Lisman et al., 1997). These studies 

suggest that AMPAR trafficking to synapses are controlled via complex mechanisms. 

  LTD has been considered to be a phenomenon that opposes LTP  and has been mostly 

associated with depression of synapses. Nonetheless, LTD is not detrimental to memory 

formation. LTD and LTP are both needed for proper formation and processing of memory traces. 

A fine-tuned and delicate balance of LTP and LTD (directionality of synaptic strengthening) 

determines the strength of memory formation (Huganir et al., 2010).  

The frequency and intensity of stimulation determines whether a synapse expresses LTP 

or LTD. LTD causes a decrease in the percentage of surface AMPARs, but does not have any 

effect on the distribution of synaptic NMDARs (Man et. al., 2000). In vivo studies have revealed 

that expression of LTD in hippocampus causes a decrease in the number of AMPARSs providing 

further evidence for the role of AMPAR endocytosis in plasticity (Heynen et al., 2000). 

Depletion of synaptic AMPARs during LTD involves their clathrin coated pit-mediated 

endocytosis and subsequent degradation (Man et. al., 2000). Consistent with this observation, 

loading CA1 pyramidal neurons with a peptide that disrupts the function of dynamin (a molecule 
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that helps receptor encapsulation in endocytotic vesicles) blocks LTD. (Luscher et al., 1999; 

Wang et al., 2002). These results were the first direct demonstration that two forms of LTD that 

previously were thought to be mechanistically distinct (i.e. cerebellar and NMDA receptor 

dependent LTD in the hippocampus) appear to share a common mechanism of expression and 

maintenance (Ebrahim et al., 2000; Lin et al., 2000).  

Memory formation includes the process of consolidation, but memory content may be 

altered with each retrieval episode due to the process of reconsolidation. Considering the 

important role that LTP and LTD play in memory consolidation, one could assume that these two 

cellular processes play an equally important role in the process of reconsolidation. However the 

role of LTP- and LTD-mediated plasticity in reconsolidation has been largely ignored. Although 

some studies have assessed synaptic activity at some point during the reconsolidation period, it is 

also possible that plasticity changes during the sequential process of destabilization, use, and 

restabilization of the retrieved memory. LTP and LTD are dependent on glutamate receptor 

expression and function; thus, relationship between glutamate receptor expression and function 

during reconsolidation and the resultant pattern of LTP/LTD should also be elucidated to fully 

understand synaptic changes through this memory process. My research work attempts to 

accomplish this by investigating the time-dependent plasticity mechanisms underlying 

reconsolidation of fear memory, using as a strategy the thorough investigation of LTP, LTD, and 

glutamate receptor expression during the reconsolidation process. 

                                                                               

1.6. Legends: 

 

Figure 1.1. A. Diagrammatic representation of different hippocampal pathways; Neurons in the 

SC pathway run parallel in laminar formations forming cell bodies in the CA1 region away from 
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the CA3 area. Other neuronal pathways include appendages from DG to CA3 and CA1 to the 

subiculum (DG: Dentate Gyrus, CA: Schafer Collateral, Sb: Subiculum, PP: Perforant Pathway, 

EC: Entorhinal Cortex, M: Medial, L: Lower: adapted from University of Bristol, UK, Center for 

Synaptic Plasticity). B. Diagrammatic representation of the anatomical position of the 

hippocampus (adapted from Bright Focus Foundation teaching material, 2000).  

Figure 1.2. Generalized structure of glutamate receptor showing glutamate binding extracellular 

domain, glycine rich flip flop domain, and the LVIP conserved domain. Number 2 shows the re-

entrant loop, characteristics of glutamate receptor family (Parameswaran et al., 2012). 

Figure 1.3. Structural representation of GluN1-2B diheteromer showing the beta strands and 

helices (top), the Ifenprodil (GluN2B selective antagonist) binding site (middle) and torsional 

stoichiometry (bottom, adapted from Karakas et. al., Nature, 2011). Ifenprodil is a commonly 

used drug to block GluN2B receptor activity. GluN2B exists as heteromers with GluN1. 
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Figure 1.1 
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Figure 1.2 
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Figure 1.3 
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Chapter II 

Consolidation and Reconsolidation 

2.1. Consolidation of fear memory         

Memory consolidation is a complex cascade of physiological and cellular events that tend to 

stabilize a memory trace after its initial acquisition. Researchers have deciphered two principle 

components of the conceptual term consolidation: synaptic consolidation which is equivalent to 

late LTP or L-LTP occurring within few hours of the initiation of the learning process, and 

systems consolidation, where hippocampus dependent memories or for that matter any form of 

newly acquired memory becomes independent of its primary storage site over a longer period of 

time. To further elaborate, immediately after learning, memories are labile and subject to 

interference and trauma. Later they are stabilized, such that they are no longer prone to the same 

disrupting events. This process (which will be discussed in more detail below) involves cellular 

and molecular events that alter synaptic efficacy, as well as prolonged systems level cross-talk 

between hippocampus, cerebral cortex and the amygdala(Fig. 2.1 and 2.2). A little more than a 

century has passed since Műller and Pilzecker hypothesized that consolidation takes place 

through preservation of memory (Rodriguez-Ortiz and Bermúdez-Rattoni, 2007). Their 

pioneering work shows the path for research on time-dependent involvement of neural systems 

networks and molecular processing which ultimately leads to stabilization of weak traces with 

the goal of forming uninterruptable and long-lasting memory. However, once memories are 

consolidated, they can be destabilized once again, and the memory must undergo a process 

similar to the original consolidation to have the memory reconsolidated. The focus of the present 

research is this reconsolidation process, specifically, the role of LTP/LTD and glutamate 

receptors.     
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2.2. Reconsolidation: 

Misanin et al. (1968) observed that a retrieved memory was subject to disruption if 

electroconvulsive shock was administered shortly after memory retrieval, an effect that was 

previously thought to be limited to memories that were undergoing reconsolidation. This finding 

went largely unnoticed for decades, but in recent years there has been an increased interest in the 

processes of reconsolidation (Auber et al., 2013 and Tronson et al., 2007). Reconsolidation refers 

to the process of re-stabilization of recently retrieved memories, including destabilization and 

restabilization of such memories. Although similar to the process of consolidation, the two have 

clearly distinct characteristics. To outline the differences underlying the processes of 

consolidation and reconsolidation, it is easier to delineate the physiological and functional 

characteristics of each individual process separately. Hebb and Gerard proposed dual-trace 

theories of memory suggesting that stabilization of reverberating neural activity underlying 

short-term memory, produces long-term memory (Auber et al., 2013). The process by which 

memories get consolidated is disrupted by amnesic agents like the protein-synthesis inhibitors, 

Anisomycin (Rodriguez-Ortiz et al., 2008). These inhibitors do not prevent learning of novel 

tasks but disrupts training related memory, indicating that acquisition and consolidation of 

memories are fairly independent but sequential processes, at the physiological, anatomical and 

cellular levels (Rodriguez-Ortiz et al., 2008). Whether these memories are sequentially linked or 

they act completely independent of each other is still a matter of intense research. The time 

dependent characteristics of reconsolidation might be a direct consequence of the fact that the 

physiological and molecular apparatus working to consolidate memories, is itself time 

consuming (Fig. 2.3, Rao-Ruiz et al., 2012). Functionally the process of consolidation is meant 

to stabilize memory. But the argument that reconsolidation is time dependent process  can be 



17 
 

refuted with examples of short term and other working memories, which take far less time to 

form (Kumaran, 2008). Physiological evidence suggests that slow consolidation of memories 

serve as an adaptive function enabling endogenous processes stimulated by experience to 

manipulate the strength of memory.  

2.3. Physiological and biochemical characteristics of Consolidation and Reconsolidation: 

Standard consolidation theories formulated prior to the 1960s characterized consolidation 

as a one-time event, after which a memory is impermeable to subsequent disruption.  This 

concept was challenged by studies reporting that presentation of reminder cue made a completely 

consolidated aged memory labile once again in experimental conditions (e.g., Misanin et al., 

1968). In early 2000s, Nader and colleagues showed that a conditioned stimulus-alone-reminder 

presented long after consolidation was complete, reengaged the “temporal susceptibility” of the 

memory (Nader et al., 2000 and 2010). Functionally, this is the difference between consolidation 

and reconsolidation: Consolidation is the initial memory processing while reconsolidation is the 

recall of that earlier stored memory. The general consensus at this time is that retrieval of a 

memory makes the original memory trace labile, and storage of that memory for future use 

requires that it is stabilized (reconsolidated). Importantly, a labile memory should be susceptible 

to interference or disruption, just as a new memory prior to consolidation. In spite of the broad 

consensus on the generality of reconsolidation, several studies have failed to find that amnestic 

agents can alter labile memories if applied during the reconsolidation period. This suggests that 

there are boundary conditions in reconsolidation; for example, the age and strength of the 

memory, whether new information is introduced during the labile period, the kind of memory 

that is active at the time of amnestic intervention, and whether the retrieval produces new 

learning, all determine whether the memory gets reconsolidated. Consolidation is largely 
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independent of these parameters. Failure of amnesic agents to disrupt labile memories can also 

be attributed to procedural factors including different experimental paradigms, lack of 

motivation, and stimulus parameters (Auber et al., 2012).  There may also be competing 

phenomena that take place in the same preparation. For example, in Pavlovian conditioning 

studies (in which a cue is paired with a shock and the cue is later presented to reactivate a 

memory of the shock) presentation of the cue alone can have two opposite effects, it can act as a 

reminder to engage the original memory trace or it can generate engramming of new and 

competing memory traces in which the cue is no longer followed by shock (i.e., extinction; 

Pavlov, 1927). In this situation, the outcome of the amnestic treatment can differ depending on 

which state was dominant during the treatment (Fig 2.3 and 2. 4, Auber et al., 2012).  

During the early stages of memory consolidation (synaptic consolidation), both the early 

and late phases of, LTP allow synapses to increase strength of communication (Rao-Ruiz et al., 

2012). As new experience gathers, the brain creates more and more connections and re-wires 

itself by rerouting its organization. Similar experiences utilize similar neural networks; thus an 

enduring pattern is engraved and neural messages are encrypted, shunting along the path of least 

resistance (Brahman, 2008). Sleep, particularly slow wave or deep sleep, is thought to improve 

consolidation (and reconsolidation) of memory. Activation patterns in a sleeping brain suggest 

that newly acquired memories are consolidated during sleep through reactivation and rehearsal 

(Siegel, 2001). Physiologically the process of consolidation in the mammalian brain involves 

increased plasticity. Several studies with one trial-tasks and shock have shown different receptor, 

enzyme, protein expression patterns and LTP/LTD profiles are intricately involved in the process 

of consolidation (Besnard et al., 2012).  
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To shed some light on how region specific physiology affects consolidation of fear 

memories, some insight into neuroanatomical nature of consolidation is warranted. Experience 

activates time dependent cellular storage in various sub-regions of the brain. Initiation of 

memory consolidation and learning experience simultaneously stimulate the Basolateral 

Amygdala and the adrenal gland (Fig 2.1). The adrenal gland which is an important constituent 

of the hypothalamic-pituitary-adrenal axis stimulates glucocorticoid and epinephrine release. 

This in turn has its modulatory effect on norepinephrine release from the afferent neurons to the 

Basolateral Amygdala and the efferent process is from the Basolateral Amygdala to other regions 

of the brain. The Basolateral Amygdala in turn has connectivity with the Neocortex, 

Hippocampus, Caudate Nucleus and Peduncular structures as well as the Cerebellum. The 

pituitary axis independently modulates functioning of the Basolateral Amygdala through its 

stimulation. A complex interplay of these structures continuously refines and redefines the 

process of consolidation during the phase of memory stabilization.  

The above mentioned physiological effects of reconsolidation are caused by several 

downstream intracellular molecules. The biochemical signature of reconsolidation is currently 

under vigorous investigation. Several researchers have found conflicting trends in AMPAR and 

NMDAR downstream signaling during reconsolidation of fear memory (Fig. 2.2 and 2.3 shows 

role of glutamate receptor and its signaling in reconsolidation). Studies have found different 

downstream signaling molecules, acting in both convergent and divergent manner during 

reconsolidation of fear memories (Auber et. al, 2011). The primary reason, as suggested by many 

researchers in the field, might be subtle and minor differences between experimental procedures 

such as intensity of shock, time interval, time of recording, choice of contex, the way shock and 

context has been paired and even the room temperature (Tronson et. al., 2013). However a 
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complete understanding of signaling processes and their relation to altered synaptic plasticity 

during reconsolidation is currently unavailable. 

Most of the receptors under consideration are ion channel receptors. Their effect is 

carried out by opening of the ion channel pore, entry of different charged ions that ultimately 

change the internal milieu of the cell. But in addition there are metabotropic receptors like the 

mGluA1, which act through second messenger system. Recent research has shown that CaMKII 

levels (in response to Calcium entry) and its active form p-CaMKII vary as time progresses after 

training session. There is an upsurge of CaMKII levels along with that of cGMP immediately 

after training (Kang et al., 2001) but, as time progresses, their levels drop below control levels. 

Even though there is evidence of levels of downstream signaling molecules increasing 

immediately after retrieval, there is hardly any evidence of such dramatic rise of receptor 

expression immediately after training begins (at the same time point after training). As time 

progresses, kinase levels decrease.  Consistent with this kinase activity, phosphorylation of 

GluA1 receptor at Ser831 increases immediately after retrieval in the amygdala, in cued fear 

conditioning (i.e., when a signal for shock is given during training). To date, receptor 

phosphorylation profiles during reconsolidation have not been investigated in the hippocampus 

or with contextual fear conditioning models. 

Xing Liu et. al. (2013), showed pERK levels increase right after (10 min) retrieval 

session was over and slowly decreased after 1 h. They further showed that this mediation of ERK 

phosphorylation was through an endocytosis biased signaling. A similar trend was observed in 

pRSK and pELF4B patterns after retrieval. Consistent with these observations, members of the 

Ras/Raf/MEK family show a similar trend as time progresses during consolidation. However, the 

signal transduction mechanism during the later points of post-retrieval period is somewhat 
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different to what is seen immediately after reconsolidation begins. Sudden increase in expression 

is followed by decrease in expression and phosphorylation at the 1 h time point, followed by a 

subsequent increase in activity towards the end of the reconsolidation window (which extends 

for approximately 6h in rodents). This second phase of increased phosphorylation is then 

followed by gradual normalization outside the reconsolidation window. A similar trend is seen 

cAMP and CREB levels (LeDoux et al, 2013). 

The trend described above (as happens during reconsolidation of fear memory in the 

amygdala and to an extent in the hippocampus) is very different from what is seen in fear 

memory formation or during consolidation. During fear memory consolidation, release of 

glutamate causes opening of AMPARs and NMDARs and entry of Calcium ions into the post 

synaptic neuron. Calcium entry causes calcium induced calcium release and opening of voltage 

and ligand gated calcium channels. Downstream of AMPAR and NMDAR, Calcium entry 

further modulates Gap and GEF/Rho activity leading to a conversion of GDP-Rho to GTP-Rho. 

Simultaneously Integrins and their kinases like Integrin Linked Kinases (ILK), cause activation 

of the CDC42/Rac/GAP/GEP pathway. This in turn causes Calcium mediated CREB activation 

and subsequent RNA synthesis. On the contrary, Rac-GDP gets converted to Rac-GTP. Rac-GTP 

and Rho-GTP together affect ROCK/LIGK pathway leading to inactivation of cofilin movement 

(Schafe et al., 2000). This leads to altered cellular morphology and spine formation is decreased 

through changed action potential profiles. However, there is very little evidence available to link 

these changes to any receptor expression patterns during reconsolidation of contextual fear 

memory in the hippocampus. Hence a primary objective of future research is to establish a 

complete understanding of these downstream signaling mechanisms during contextual fear 

memory reconsolidation and link the findings to newer models synaptic plasticity post-retrieval. 
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It is important to note that reconsolidation is a novel field of study. Specific information 

on receptors expression and function, their downstream signaling and how they affect memory 

strength and content is not known. Our research for the first time proposes a complete model of 

time dependent synaptic plasticity and receptor expression during reconsolidation. Future work 

can be directed towards more in-depth dissection of downstream signaling mechanisms involved 

and their functional correlates.  

2.4. Conclusion: 

To conclude, in this chapter we have presented a comprehensive view of memory 

formation, the different areas of brain that are involved in the process, and different steps 

involved in memory processing. We have extensively described different areas of the brain that 

are involved in maintaining, processing and storing explicit and implicit memories for long term 

usage. To reiterate, these regions are mainly the different areas of the hippocampus, the cortex 

and the lateral amygdala. In course of our discussion we have described that glutamate receptors 

(AMPA and NMDA subtypes) play an important role in formation of new memories. These 

receptors have complex structures and stoichiometry which can vastly affect their functionality. 

Trafficking of the different glutamate receptor subunits play an important role in determining 

their surface expression. Subsequently we have described in detail the process of consolidation 

and reconsolidation. To summarize consolidation is the initial process that compasses memory 

formation after learning. Reconsolidation on the other hand, is a consecutive process of 

restabilizing the memory once it becomes fragile upon recall which occurs over the course of 

about 6-7 h; it is during this ‘reconsolidation window’ that the memory is prone to disruption or 

manipulation. The reconsolidation window is of particular importance to this project, because it 

provides us with an opportunity to manipulate the memory either to selectively weaken it in case 
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of maladaptive memories (e.g., fear memories that lead to stress, anxiety and trauma) or 

strengthen it in case of more adaptive memories (e.g., information that increases survival). Our 

model is based on the assumption that memory traces are labile during the initial period of 

reconsolidation, and as time progresses the traces become stable. We aim to study the role of 

glutamate receptors and LTP/LTD during the reconsolidation window. We believe that receptor 

expression will have a direct effect on synaptic plasticity. We also aim to investigate the 

relationship between protein synthesis mediated reconsolidation and glutamate receptor 

expression pattern post retrieval. The available literature suggests that glutamate receptors play a 

complex role in the process of reconsolidation. These receptors communicate to the internal 

milieu of the cell through a complex network of downstream signaling kinases, scaffolding 

proteins and transcription factors that act as the ultimate effectors of the process. In the next 

chapter we will discuss in further details about the current state of knowledge on  the role of 

these receptors in reconsolidation of memory and their consequences in synaptic plasticity. We 

will also show how biphasic waves of synaptic AMPARs and overexpression of NMDARs are 

important for reconsolidation. Our research will also further support the assumption that receptor 

mediated bidirectional plasticity is the key to reconsolidation of fear memory in the 

hippocampus. 
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2.5. Legends: 

Figure 2.1. Figure shows how different regions of the brain process different memory forms. 

This memory in turn gets reactivated upon retrieval and then reconsolidated over hours. The 

reconsolidated memory can then be updated to weaken it or recover spontaneously over weeks to 

months (adapted from LaBar and Cabeza, Nature review, 2006). 

Fig 2.2. Diagrammatic representation of excitatory neurotransmission in the synapse. The 

neurotransmitter involved is glutamate, which binds to the postsynaptic AMPA and NMDA 

receptors. These receptors are in turn attached to intracellular scaffolding proteins like the 

Postsynaptic Density (PSD) complex that plays a role in their trafficking (Modified from 

Genoux, et al, Auckland, NZ). 

Fig 2.3. Diagrammatic representation of role of calcium permeable AMPAR expression during 

different phases of retrieval induced reconsolidation. The figure also shows the role of AMPAR 

endocytosis blockade in amygdala. Use of D-AP5 (NMDAR blocker) and TAT-3Y compounds 

(GluA2 endocytosis blocker) confirm their role in progression of memory reconsolidation (from 

Ingie Hong et al. PNAS 2013).  

Fig 2.4. Simple experimental model showing different fates of memory reconsolidation post 

retrieval. Freezing used as an overt expression of fear is used to understand the role of GluA2 

manipulation using peptide delivery mediated methods (from Tronson et. al. Nature 

Neuroscience, 2011).  
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Chapter III 

Introduction to research work 

3.1. Introduction: 

             New memories are in a labile state until they are consolidated (i.e., stabilized) over time 

(Dudai, 1996; Mc Gaugh, 2000). Although consolidated memories were initially thought to be 

permanent, recent evidence suggests retrieval of consolidated memories returns them to a 

transient labile state, after which they are reconsolidated (Kida, 2014; Kim et al., 2010, 2011; 

Misanin et al., 1968; Nader et al., 2000; Nader and Hardt, 2009; Nader et al., 2010). 

Reconsolidation occurs over a period of approximately 6h in rodents (Krawczyk et al., 2015; 

Nader and Hardt 2009; Nader et al., 2000; Przybylawski et al., 1999; Suzuki et al., 200), and 

procedures that disrupt the reconsolidation process, (e.g., protein synthesis inhibitors, such as 

anisomycin) result in amnesia of retrieved information (Rodriguez-Ortiz et al., 2008). 

Furthermore, new information acquired during the reconsolidation period can permanently alter 

(or update) retrieved memories (Monfils et al., 2009; Rose and McGlynn, 1997; Zelikowsky et 

al., 2013, 2013).  

              Much is known about the cellular processes underlying reconsolidation, specifically the 

involvement of protein synthesis, early gene expression, and glutamate receptor trafficking in the 

hippocampus (Matsuo et al., 2008; Rao-Ruiz et al., 2011; Rumpel et al., 2005; Schafe et al., 

2001). However, the time course of these processes during reconsolidation and their effects on 

synaptic function are not well understood. Rao-Ruiz et al. (2011) suggested that memory 

retrieval results in time-dependent changes in glutamate receptor expression and function in the 

hippocampus. Specifically, retrieval of memory appears to trigger a biphasic wave of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA receprtors). Rao-Ruiz et al. 
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observed that synaptic levels of the GluA1, GluA2, and GluA3 subunits of AMPA receptors 

were reduced 1h after memory retrieval. Four hours after memory retrieval (during 

reconsolidation) GluA1 expression was normalized, and 7h after retrieval (after reconsolidation), 

GluA2 expression was increased. The N-Methyl-D-Aspartate receptors (NMDA receptors) also 

appear to be crucial for memory reconsolidation, playing a relevant role in memory 

destabilization (GluN2B-NMDA receptors) and restabilization (GluN2A-NMDA receptors; 

Milton et al., 2013). The effect of this pattern of AMPA and NMDA receptor activity on synaptic 

plasticity during reconsolidation is still not clear. Glutamate receptors play a crucial role in 

synaptic strengthening, including the processes of long-term potentiation (LTP; Fonseca et al., 

2006; Schmitt et al., 2005) and long-term depression (LTD; Bear and Abraham, 1996). 

LTP/LTD are established cellular models of changes in synaptic plasticity (Collingridge et al., 

2010; Lynch, 2004); however, little is known about changes in such plasticity during the 

reconsolidation period. LTP after retrieval appears to be insensitive to protein synthesis 

inhibitors unless re-stimulated (Fonseca et al., 2006), and some memory “updating” 

manipulations lead to decreased expression of AMPA receptors and increased expression of 

NMDARs (Clem and Huganir, 2010), both of which are also observed during LTD.  

               From this limited information, it can be hypothesized that memory retrieval induces 

sensitive periods of plasticity, the outcome of which should be dependent on stimulation 

occurring during the reconsolidation period. The purpose of this research was to investigate the 

changes in synaptic plasticity that occur during memory reconsolidation in the rodent 

hippocampus, as well as the relationship between these plasticity changes and glutamate receptor 

expression.  This relationship was confirmed by manipulating glutamate receptor expression 

(antagonism of GluN2B and inhibition of GluA2 endocytosis) during the initial portion of the 
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reconsolidation period. This strategy should provide insight on the mechanisms underlying 

synaptic plasticity changes during memory reconsolidation.  
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Chapter IV 

Materials and Methods 

4.1. Fear conditioning and behavioral assessment of fear memory 

The subjects were outbred, male, Sprague-Dawley rats (2-4 months of age, Charles 

River Laboratories, Wilmington, MA). Animals were housed in pairs in a vivarium maintained at 

a constant temperature of 22.5°C, and a 12h:12h light:dark cycle (lights on at 6:00 am). All live 

animal procedures were approved by the Auburn University Animal Care and Use Committee 

(IACUC), and animals were euthanized (in a CO2 chamber) in accordance with the American 

Veterinary Medical Association (AVMA) Panel on Euthanasia regulations.  

4.2. Reconsolidation 

All behavioral manipulations were conducted in standard rat operant chambers (MED 

Associates, St. Albans City, VT), housed in sound-isolation cubicles. The chambers’ grid floors 

could be electrified to deliver a foot-shock. The walls of the chambers were made of clear 

polypropylene, covered with a white screen. A speaker could be used to produce a background 

sound (click train, approx. 73 dB A-scale), and a house light was used to dimly illuminate the 

chamber. The distinctiveness of the chamber was enhanced with a scent cue (1 ml of undiluted 

PineSol
TM

) placed in a small plastic cup outside the animal enclosure.  

Animals were trained with a conditioned freezing protocol. All animals were acclimated 

to the chamber (hereon, the context) the day prior to initiation of fear conditioning. During fear 

conditioning, animals in the Retrieval (Rtv) group were placed in the context, and 180s later, a 2-

s, 0.75-mA foot-shock was delivered. Animals were removed from the context 30s after foot-

shock delivery. Control animals received the same treatment, but experienced no shock in the 

context; thus, although a memory of having been in the context should be activated, this memory 
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should not be associative. A further set of animals received conditioning in a context different 

from the test context (white coverings, background sound, and odor cue were not present); thus, 

these animals had experience with shock but not associated to the target context. The data from 

these latter group of subjects were contrasted against those of the Control group to determine the 

validity of the Control. During the retrieval session (24h later), animals were returned to the 

training context and exposed to all contextual (i.e., environmental) stimuli, but not shock, for 

180s. This exposure constituted the retrieval manipulation. Animals recalling shock delivery 24h 

prior were expected to display freezing, a species-specific defensive behavior to impending 

threat. Freezing behavior was defined as the absence of all movements, except those related to 

respiration. Freezing behavior during the retrieval session was scored by at least 2 individual 

observers, blind to the condition to which each animal had been assigned. The 180-s test period 

was divided into 36 X 5-s intervals, and animal behavior was quantified by assigning a score of 

freezing or no freezing to each interval. After the retrieval session, subjects were randomly 

divided into 3 groups and euthanized after 1, 4, or 6h (yielding the Rtv-1h, Rtv-4h, and Rtv-6h 

conditions, respectively). Control subjects were also euthanized at 1, 4, or 6h. There were no 

differences between control subjects based on time to euthanasia, and the data from all control 

subjects were pooled together for data analysis. Animals that received conditioning in a second 

context were euthanized at the same time points as the previous two groups. Once again, 

differences were not observed based on time to euthanasia, and the data from these subjects was 

pooled together for data analyses yielding the Context condition.  

4.3. Tissue homogenization 

Immediately following euthanasia, rat brains were dissected, and whole hippocampi and 

cerebella were separated with continuous washing in ice-cold PBS (P4417-100TAB, 5 tabs in 1 
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L DI Water, pH = 7.4, Sigma Aldrich, St. Louis, MO) and stored at -80°C for protein extraction. 

Brain tissue from 5 animals in each condition was homogenized in Cell Lysis Buffer (9803-10X, 

Cell Signaling, Danvers, MA) containing 1X PMSF (made from a 200X solution, P7626, Sigma 

Aldrich, St. Louis, MO) and pooled together for analyses. Protein estimation was conducted 

using BSA standards (Thermo Fisher Scientific, Waltham, MA) for input control before 

beginning Immunoprecipitation experiments. Each experiment was replicated three times, and 

300 μg of total protein was used in each replicate. 

4.4. PSD-95 fraction pull down assays 

Post Synaptic Density (PSD 95) is a major scaffolding protein responsible for 

postsynaptic glutamate receptor expression. PSD-95 fractions were pulled down using Pure-

Proteome A/G Magnetic Beads (Cat No# LSKAMAGAG10, Millipore, Billerica, MA) and 

vendor-supplied direct IP protocol (http://www.emdmillip- 

ore.com/US/en/product/PureProteome%E2%84%A2-Magnetic-Beads, MM_NF-C77625). 

Briefly, 40 µl magnetic beads were washed with 500 µl of 1X IMP buffer (pH = 7.4) and 

incubated with 10 µl PSD-95 primary antibody (1:10, Santa-Cruz cat# Dallas, TX), used to 

capture and precipitate PSD fraction from the tissue homogenate. The immmunoprecipitated 

fraction was purified by washing it several times with 1X IMP buffer (pH=7.4). Finally, beads 

were boiled in 50 µl Laemmli Buffer at 80°C and quantified for protein content (BSA, Thermo 

Scientific, Waltham, MA) before being loaded in equal amounts (50 µl) for western blots.  

4.5. Immunoblotting  

Immmunoprecipitated PSD-95 fraction was immunoblotted with PSD-95 rabbit primary 

antibody (1:1000, Santa-Cruz, Dallas, TX). Equal amounts of samples were loaded on to an SDS 

PAGE gel to probe for the presence of PSD-95, as well as its with GluA1, GluA2, GluN2A and 

http://www.emdmillip/
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GluN2B receptor subunits using rabbit primary antibodies (1:1000, Cell Signaling, Danvers, 

MA). All blots were probed with Dy-Light conjugated 550 anti-rabbit secondary or HRP 

conjugated antibody (Catalog # 84541, 1:10000, Thermo Scientific, Waltham, MA) using a Fuji 

FLA 5100 scanner, Nikon Film Scanner or an Alpha Innotech Image system.   

4.6. mRNA isolation and Quantitative PCR 

Total RNA was isolated from hippocampal tissue samples (pooled from 5 animals per 

group) using Trizol reagent, and following protocol from Life Technologies (Carlsbad, CA). 

RNA concentration was quantified using Nanodrop (Thermo Scientific, Waltham, MA). 

Approximately 1 µg of RNA was used for Reverse Transcription PCR (RT PCR), using Biorad 

iScript cDNA Kit (Hercules, CA) and following manufacturer’s protocol to convert mRNA to 

cDNA. Approximately 100 ng of mRNA was used for quantitative PCR (qPCR) assay using 

Biorad SYBR green mix (Hercules, CA). Three qPCR cycles were used to measure the mRNA 

transcript (1) 95°C/.3min, (2) 95°C/.05min, 60°C/.1min, repeated 40X, and (3) 60°C/.1min, 

repeated 71X. The primers were designed using the standard IDT primer design software. The 

list of primer sequences used were as follows. For GluN2B, the forward sequence was 5’ 

TCTGTCCAC CATTCCTGTTCCCAT 3’, and the reverse sequence was 5’ 

AAAGCCTCGCTCA AAGTGAATCGC 3’. For GluA2, the forward sequence was 5’ 

CGGGTAGGGATGGTTCAGTTT 3’, and the reverse sequence was 5’ 

TGGCTACCTCCAAATTGTCGAT 3’. For GluA1, the forward sequence was 

CAACAATCACAGGAACA TGCGGCT 3’, and the reverse sequence was 5’ 

TGGAGAACTGG GAACAGAAA CGGT 3’. Finally, for GAPDH, the forward sequence was5’ 

TGTGATGGGTGTGAAC CACGAGAA 3’, and the reverse sequence was 5’ CATGAGCCCT 

TCCACAA TGCCAAA 3’. 
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4.7. Systemic Injection of Drugs and Behavioral Assessment 

Receptor levels were manipulated to determine their role on the observed synaptic 

plasticity patterns recorded during the reconsolidation period. The GluA2 endocytosis blocker 

HIV TAT-fused GluA2-derived C-terminal peptide (TAT-GluA2-3Y, peptide sequence: 

YGRKKRRQR RRYKEGYNVYG, Ana Spec, Freemont, CA, Cat# 64429, 

http://www.anaspec.com/products/product.asp?id=51747) was dissolved in autoclaved water and 

administered intravenously (i.v.) via the lateral tail vein at a concentration of 1.5nM/gm (Dias et 

al., 2012). The efficacy of the peptide was assessed using a scrambled control peptide, in which 

the Tyrosine residues were mutated with Alanines (TAT-GluA2-3A; peptide sequence: 

YGRKKRRQRRRAKEGANVAG, Ana Spec, Freemont, CA, Cat# 64984, 

http://www.anaspec.com/products/product.asp?id=53474). The GluN2B specific antagonist 

Ifenprodil (ab120111, Abcam, San Francisco, CA) was administered intraperitoneally (i.p.) at a 

dose of 20 mg/kg and dissolved in DMSO (Clem and Huganir, 2010). A group of subjects 

scheduled for behavioral experiments received either autoclaved water (i.v.) or DMSO (i.p.) to 

provide a vehicle control. All drugs or vehicle were administered 30 min prior to the retrieval 

manipulation. 

The effects of blocking GluA2 endocytosis and antagonizing GluN2B on memory 

retrieval were assessed behaviorally as follows. Animals received conditioning as described 

above. On the retrieval day, they received their scheduled drug or vehicle 30 min prior to 

retrieval and, 5 min following retrieval, they received a single i.p. dose of Anisomycin (50 

mg/kg, s.c., Sigma Aldrich, St. Louis, MO; Ortega et. Al., 2014, Sorg et al., 2015; Mac Callum et 

al., 2014; Kwapis et al., 2011) or vehicle (DMSO, Sigma Aldrich, St. Louis, MO). Animals were 

http://www.anaspec.com/products/pro
http://www.anaspec.com/
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then returned to their home cages and memory of the conditioning experience was again assessed 

after a 3d retention interval. Anisomycin is a protein synthesis inhibitor known to disrupt 

memory reconsolidation  on memories destabilized by retrieval (Lee et al., 2008; Rao-Ruiz et al., 

2011; Suzuki et al., 2004), resulting in disruption of recall of the memory reactivated prior to its 

administration. Thus, animals receiving Anisomycin were expected to exhibit less fear at the 3 d 

test (representing failure to remember the shock experience). However, fear was expected in 

animals in which alterations of the expected pattern of receptor expression during the initial part 

of reconsolidation was prevented by administration of Ifenprodil (antagonism of GluN2B should 

prevent memory destabilization) or TAT-GluA2-3Y (blocking GluA2 endocytosis should 

maintain synaptic GluA2 subunit expression during the initial portion of the reconsolidation 

period).  

4.8. Preparation of hippocampal slices 

Transverse hippocampal slices (350uM) were sectioned using a Vibrotome series 1000 or 

Leica VT-1200S (Parameshwaran et al., 2007). Briefly, slices were sectioned while submerged 

in high sucrose cutting solution (in mM: 85 NaCl, 2.5 KCl, 4 MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 

25 NaHCO3, 25 glucose, 75 sucrose, 0.5 ascorbate, and 2 kynurenic acid) maintained at 0-4C. 

After sectioning was completed, the slices were incubated for 1hr in artificial Cerebrospinal 

Fluid (aCSF in mM: 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1 NaH2PO4, 26 NaHCO3 and 

11 dextrose). All solutions were bubbled with 95%CO2/5%O2 carbogen. Details of solution 

composition and procedures are described elsewhere (Parameshwaran et al., 2007, 2013).  

4.9. Long Term Potentiation and Long Term Depression 

Following incubation, electrophysiological recordings were performed in a submerged 

recording chambers with continuous perfusion with aCSF (2-3ml/min) bubbled with 
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95%CO2/5%O2 carbogen, maintained at room temperature (25C). Field excitatory postsynaptic 

potentials (fEPSPs) from Schaffer Collateral pathways SC-CA1 synapses with a glass pipette 

filled with aCSF (2-4MΩ). Stimulating pulses were applied at Schaffer collaterals via a bipolar 

stimulating electrode positioned 300 µm closer to CA3 subfield than recording electrode. 

Frequency of test stimulation was 0.33Hz (every 20 sec). After placing stimulating and recording 

electrodes in the CA3 and CA1 regions of the Schaffer Collateral (SC) commissural pathway of 

the hippocampal slices, stimulus intensity was lowered to the point where the field Excitatory 

Post-Synaptic Potential disappeared (fEPSP) completely disappeared leaving the stimulus 

artifact intact. For stimulus response curves current intensity was altered from 0-300µA at steps 

of 25µA. For LTP and LTD experiments, baseline was recorded at 50% of amplitude at which 

initial population spike appeared. LTP was induced after 10 min of stable baseline recording 

using Theta Burst Stimulation protocol (10 bursts of stimuli, each of four pulses at 100 Hz, 200 

ms, and 20 s intervals between individual TBS), and recording was continued till 50-60 min post 

TBS. Separately, fEPSP was recorded for 50-60 min without inducing any protocol to verify that 

baseline was stable (for both LTP and LTD recordings). LTD was induced using two low 

frequency stimuli (LFS: 900 pulses at 1 Hz) delivered at an interval of 10 min and preceded by 

15 min of stable baseline. Stimulation intensity while recording baseline, in between two trains 

of LFS, and immediately after induction were set to 30% of maximal fEPSPs. The stimulation 

intensity was set to 50% when 1 Hz LFS trains were delivered. Within and Between Train 

Analysis (WTF and BTF respectively) and Slow Component Decay Analysis (SCDA) were 

performed using amplitudes from Theta Burst Stimulation induction period. Consecutive pulse 

amplitudes (in different bursts or sweeps) in WTF or BTF analysis were normalized with the first 

pulse amplitude of the trains used. For SCDA, amplitude of pulses 80-180 s after first pulse were 
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used for 10 bursts and 5 sweeps (slow component, fourth pulse in each burst) and expressed as 

percentage of the GluA mediated first fast pulse amplitude of the first train. (Kochlamazashvili et 

al., 2014). 

4.10. Statistical Analysis 

All data were analyzed using analyses of variance (ANOVA), either as one-way analyses 

or factorial analyses as detailed in the results section. All significant omnibus tests were followed 

by Tukey post hoc comparisons. Nonsignificant effects are reported where appropriate. 
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Chapter V 

Results 

5.1. Post-retrieval temporal changes in freezing behavior  

Figure 5.1A presents the experimental model used and the points of intervention post-

retrieval. Animals in the Rtv condition, which experienced shock in the test context, exhibited 

more freezing than animals in the Control condition (n=9), which experienced the test context 

but no shock during the conditioning day, F1,74 = 41.08, p < .001. Freezing levels in the Control 

group were indistinguishable from freezing levels in the group that received conditioning in a 

different context (No-Rtv group, n=9), F1,31 < 1, confirming the validity of our Control treatment 

(Figure 5.1B).  Animals were euthanized 1, 4, or 6h after retrieval and freezing was assessed. As 

expected, the differences in amount of freezing observed based on whether or not subjects had 

experienced shock during conditioning, F1,70 = 40.74, p < .001, were not related to the group (1h, 

4h, or 6h, n=14-18 per time point) to which the subject was assigned after the retrieval trial, F2,70 

= 1.16, and there was no interaction between these two factors. F2,70 < 1. 

5.2. Temporal changes in synaptic GluA1, GluA2, and GluN2B receptor expression during 

reconsolidation 

Biphasic waves of synaptic GluA1 and GluA2 subunits mediate recall of memory at 1, 4 

and 6 h post retrieval in the dorsal hippocampus (Rao-Ruiz et al., 2011, 2015). However, 

synaptic receptor expression can be assessed through multiple procedures, including surface 

receptor quantification, synaptosomal studies and PSD-95 interaction. Since synaptic receptors 

are activated more significantly when they interact with the scaffolding-PSD complex and  PSD-

associated receptor expression levels may vary during the reconsolidation process, hippocampal 
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synaptic glutamate receptor expression was assessed by pulling down PSD-95 fraction 1, 4 and 6 

h after retrieval (Conditions Rtv-1h, Rtv-4h, and Rtv-6h). With this strategy, surface expression 

levels exclude  receptors from the extrasynaptic zones, (Feng et al., 2011; Hammond et al., 2006; 

Hrabetova et al., 2000; Kochlamazashvili et al., 2010; Petralia et al., 2010; Simon et al., 2014). 

PSD-95 fractions from the hippocampus were immunoprecipitated and immunoblotted for 

GluA1, GluA2, GluN2A and GluN2B receptor subunits in the Rtv-1, Rtv-4, and Rtv-6 

conditions. Our data suggest that reconsolidation of memory causes altered interaction of AMPA 

and NMDA receptor subunits with PSD-95 in a pattern that is specific to the hippocampus but 

not other areas (e.g., the cerebellum; Figure 5.2).  These data were compared against no shock 

control animals (the Control condition) at equivalent points after retrieval. To provide control for 

the region-specific nature of observed changes in receptor interaction, samples were also 

obtained from the cerebellum. Immunoprecipitation of PSD-95 and associated GluA1, GluA2, 

and GluN2B subunits showed marked alterations throughout the reconsolidation period in the 

hippocampus, whereas no significant changes were observed in cerebellum (Figure 5.2A, IgG 

control shown in Figure 5.2B). In comparison to the Control, GluA1 receptor interaction with 

PSD-95 changed as reconsolidation progressed, F3,9 = 3.90, p < .05. As compared to the Control, 

GluA1 expression was decreased in Rtv-1h, p < .05. However, expression increased to become 

equivalent to Control in Rtv-4h and Rtv-6h, ps > .33 (Figure 5.2D, n=5, immunoblotted 3-4 

times). GluA2 receptor expression was similarly impaired through reconsolidation, F3,8 = 54.83, 

p  < .001. GluA2 receptor expression in Rtv-1h was below Control, Rtv-4h, and Rtv-6h levels, ps 

< .05, .05, and .001, respectively. GluA2 expression was equivalent to Control in Rtv-4h, p = 

.98, and above Control levels in Rtv-6h, p < .001 (Figure 5.2C, n=5, immunoblotted 3-4 times). 

This pattern of AMPA receptor expression suggests that synaptic plasticity might be altered 
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during the initial period of memory reconsolidation. Normal levels of GluN2B receptors are also 

critical for stabilization of glutamatergic synapses in the hippocampus (Kim et al., 2011), and 

their interaction with PSD-95 was altered through the reconsolidation period, F3,8 = 5.09, p < .05.  

Indeed, GluN2B interaction with PSD-95 increased in the hippocampus in Rtv-1h, p < .05, was 

marginally higher than Control in Rtv-4h, p = .06, and returned to Control levels in Rtv-6h, p > 

.26 (Figure 5.2F, n=5, immunoblotted 3-4 times). In contrast, GluN2A receptor interaction with 

PSD-95 was not altered through the reconsolidation period, F3,8 = 1.63, p > .25 (Figure 5.2E, 

n=5, immunoblotted 3-4 times).  Importantly, none of these changes (patterns of change) were 

observed in the immunoblotting experiments performed with homogenates from the cerebellum 

(Figure 5.2A). Thus, our data suggest that retrieval of a fear memory induces distinct patterns of 

GluA1, GluA2, and GluN2B receptor interaction with PSD-95 in the hippocampus. 

5.3. Basal synaptic transmission is altered during the reconsolidation period 

The activity of GluA1 and GluA2 receptors is essential for proper synaptic transmission; 

thus, it is likely that altered synaptic interaction of these receptor subunits with PSD-95 leads to 

altered synaptic transmission during reconsolidation. Stimulus-response experiments were 

conducted at 1, 4, and 6h after retrieval to assess how basal synaptic transmission is affected due 

to the observed alterations in glutamate receptor expression. All groups were sensitive to changes 

in stimulus intensity, F6,48 = 66.59, p < .001, and intensity interacted with time since retrieval, 

F18,48 = 2.24, p < .05 (Figure 5.3, n=3). This interaction reflects the observation that basal 

synaptic transmission was impaired in Rtv-1h compared to the remaining groups, which did not 

differ from each other, suggesting that synaptic communication is compromised in the early 

stages of reconsolidation.  
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5.4. Synaptic plasticity follows the biphasic wave of Glutamate receptor expression 

observed during reconsolidation 

The interaction of post-synaptic GluA1, GluA2, and GluN2B receptors with the PSD-95 

scaffolding complex is important for their activity and stabilization at the surface of the neurons.  

Inhibition of this interaction can lead to altered synaptic physiology and plasticity (Gomperts, 

1996; Niethammer et al., 1996). In our model, the interaction between glutamate receptors and 

the PSD complex changed as a function of time since retrieval, and we anticipated that synaptic 

plasticity would change accordingly. Changes in LTP in the SC CA3-CA1 pathway of the 

hippocampus were investigated at 1-2, 4-5, and 6-7 h after retrieval of the conditioned fear 

memory, measuring 55-60 min post induction using TBS, and compared against Control and No-

Rtv. The average fEPSP slope, computed as a percentage of the baseline, differed based on time 

since memory retrieval, F4,23 = 28.78, p < .001. Post-hoc analyses confirmed that animals in the 

Rtv-1h group exhibited impaired LTP (<20%) as compared to all other groups, ps < .005 

(Figures 5.4A and 5.4C, n=5). LTP recovered over time; the Rtv-4h group did not differ from 

Control and No-Rtv groups (>50%), ps > .10; however, Rtv-4h still differed from the Rtv-6h 

group, p < .001. Indeed, the Rtv-6h group exhibited higher maintenance of LTP (>80%; Figures 

5.4A and 5.4C) than all other groups, ps < .005. This pattern of time-dependent recovery of LTP 

reflects the biphasic wave of GluA2 receptor expression observed, in which GluA2 receptor 

interaction with PSD-95 increased to a level above control 6h after retrieval.  

Overexpression of GluN2B receptors is implicated in induction of LTD and hence altered 

synaptic plasticity (Dalton et al., 2012; Huganir et al., 2010; Shipton and Paulsen, 2013). 

GluN2B receptor interaction with PSD-95 increased during the initial reconsolidation period 

(Figure 5.2A, 5.2F). LTP was significantly altered during the reconsolidation period, but the 
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observed LTP patterns do not provide information on whether such plasticity changes are 

unidirectional or bidirectional. Thus, low frequency-mediated LTD was induced in hippocampal 

slices to test the nature of plasticity during reconsolidation. This protocol revealed changes in 

LTD as a function of time since retrieval, F4,17 = 17.05, p < .001 (Figures 5.4B and 5.4D, n=5). 

Tukey post-hoc comparisons revealed a long-term reduction of the fEPSP slope in the Rtv-1h 

group (>30%), as compared to the Control (<30%), No-Rtv (<30%) and Rtv-6h (approx. 10%) 

groups, ps < .05. fEPSP slopes gradually approached control levels 4h after retrieval (Rtv-4h did 

not differ from Rtv-1h, Control, or No-Rtv, ps > .17) and were well below control levels 6h after 

retrieval (Rtv-6h differed from all groups, ps < .05).  

The observed time-dependent, biphasic wave of glutamate receptor expression resulted in 

consistent changes in LTP and LTD expression during the reconsolidation period. The decreased 

LTP and enhanced LTD observed shortly after memory retrieval suggest that the initial portion 

of the reconsolidation period is favorable for destabilization of memory and, possibly, 

unfavorable for new memory formation. As time progresses, recovery of LTP and reduction of 

LTD suggest that later portions of the reconsolidation period are favorable for stabilization of 

memory and new memory formation. Thus, altered synaptic plasticity (as reflected by the 

observed changes in LTP and LTD) may play an important role in memory modification and 

weakening during memory reconsolidation. 

The LTP induction protocol used in our studies in CA1 synapses uses NMDA receptors 

during potentiation (Bashir et al., 1991; Carroll et al., 2002; Parameshwaran et al., 2012). 

Depolarization of the postsynaptic membrane is dependent on GluN2A receptor activity and is 

required to remove the voltage-dependent Mg
2+

 block of NMDA receptors, which is critical 

because the induction and expression of LTP depends on the strength of depolarization phase 
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during TBS (Bliss and Collingridge, 1993). LTP was impaired and GluN2B interaction with 

PSD-95 increased in Rtv-1h, but it was not clear whether strength of depolarization of the post 

synaptic membrane was altered. The amplitude of fEPSP of the first pulses of each burst within 

the TBS sweep was not altered significantly based on time since memory retrieval, F3,8 < 1, p > 

.75. Although fEPSP amplitude changed across bursts, F8,88 = 10.23, p < .001, these changes 

were not associated with time since memory retrieval, F24,88 = 1.08, p > .38 (Figures 5.5A and 

5.5B, n=3). However, when the amplitudes of the first fEPSP elicited in each TBS sweep were 

normalized using the first amplitude of the first sweep as baseline, there was an effect of time 

since memory retrieval, F3,9 = 7.73, p < .05, and this effect was independent of sweep number, 

F9,27 = 1.49, p > .20 (Figure 5.5D, n=3). Potentiation in the Rtv-6h group was higher than in all 

other groups, Fs1,9 > 6.17, ps < .05, reflecting the observation that, although there were no 

significant differences in within train analysis, depolarization increased in the Rtv-6h group 

during the latter sweeps of TBS. Possibly, this increased depolarization during TBS contributes 

to the high level of LTP observed in the Rtv-6h group. 

During the initial period of the induction phase, fEPSP amplitudes might have 

contributions from AMPA receptor-mediated fast responses. However, late (slow) components 

of the induction phase are mainly GluN2A driven (Kochlamazashvili et al., 2014). We observed 

that GluN2B interaction increases in the PSD-95-associated fraction of neurons in the 

hippocampus. To understand the contributions of GluN2A receptor subunits during potentiation, 

and hence maintenance of LTP (Bartlett et al., 2007), we analyzed the fEPSP amplitudes of slow 

components of potentiation (Buller et al., 1997; Hrabetova et al., 2000; Monyer et al., 1992, 

1994; Wyllie et al., 2013). fEPSP amplitudes compared 80-180 s into the potentiation phase 

revealed a decrease across bursts within each sweep, F9,81 = 5.78, p < .001 (Figure 5.5C, n=3). 



63 
 

Furthermore, fEPSP amplitudes exhibited a gradual shift toward higher amplitudes across 

sweeps, F4,36 = 9.42, p < .001. However, there were no shifts in amplitude based on time since 

memory retrieval even though the Rtv-6h group was comparably higher in potentiation than all 

other groups, F3,9 < 1, p > .85 (all interactions fell short of statistical significance, all Fs < 1, all 

ps > .70). Overall, during the depolarization period (within the TBS protocol), there were no 

differences based on time since memory retrieval. This finding further suggests that GluN2A 

receptors did not directly contribute to the altered plasticity observed 1-6h after memory retrieval 

in our study. 

5.5. Transcription of glutamate receptors follow altered wave of surface expression during 

reconsolidation 

Surface expression and active population (associated with PSD-95) of GluA1, GluA2, 

and GluN2B receptors change during the reconsolidation period after memory retrieval in rats. 

This change can be due to altered trafficking and/or transcription; thus, we investigated mRNA 

transcription levels of GluA1, GluA2, and GluN2B receptors in the hippocampus. Quantitative 

PCR analysis shows a wave of transcription similar to expression patterns of GluA1, GluA2 and 

GluN2B receptors during the reconsolidation period. GluA1 and GluA2 receptor mRNA levels 

remained the same shortly after memory retrieval (Rtv-1h) and decreased from control levels as 

reconsolidation progressed (Rtv-4h). In the Rtv-6h group, GluA2 mRNA expression was higher 

than control levels, consistent with the observed expression of receptors (Table 1). However, 

despite of lower than control levels of GluA1 receptor interaction with PSD-95, mRNA 

expression at Rtv-1h was slightly higher than controls. These findings suggest that the initial 

down-regulation of surface expression of GluA1 and GluA2 receptors, their initial impaired 

interaction with PSD-95, their gradual recovery through the reconsolidation period, and 
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overexpression of GluA2 receptors during the final portion of reconsolidation might be a result 

of an initial decrease and subsequent normalization of receptor transcription. GluN2B 

transcription was higher in Rtv-1h than Rtv-4h and Rtv-6h which was in turn higher than control 

levels; Table 1). This observation is consistent with our observed increased GluN2B interaction 

with PSD-95 during reconsolidation, and suggest that surface expression and interaction of 

GluA1, GluA2, and GluN2B receptors are altered in two distinct waves during reconsolidation. 

 

5.6. Blocking GluN2B expression and GluA2 endocytosis attenuates the effects of 

Anisomycin 

GluA2 and GluN2B receptors appear to play a critical role on synaptic plasticity through 

the reconsolidation process. Thus, the effects of manipulating these receptor levels were assessed 

in terms of memory protection from the amnestic effects of the protein synthesis inhibitor 

Anisomycin, which if administered shortly after memory retrieval, decreases recall of the 

retrieved memory. However, if destabilization of memory is prevented, Anisomycin should have 

little impact on subsequent memory recall. One day after contextual fear conditioning, animals 

received either Anisomycin (Ani) or vehicle (Veh) 5 min after the memory retrieval session. For 

all animals, the retrieval session was preceded by administration of either GluA2 endocytosis 

blocker TAT-GluA2-3Y (TAT) or the GluN2 selective antagonist Ifenprodil (Ifenp) (Figure 6A, 

n=9). This resulted in four groups of subjects: Veh+Veh, Veh+Ani, TAT+Ani, and Ifenp+Ani 

(each group name represents the treatment they received 30 min prior to memory retrieval + the 

treatment they received 5 min following memory retrieval). Conditioned freezing was assessed 

again 3d later to ensure complete elimination of all antagonists. 
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There were differences in memory recall at the 3d test based upon the treatment received, 

F3,17 = 3.88, p = .05. Planned pairwise comparisons revealed that Anisomycin effectively 

disrupted memory of the conditioning event, with the Veh+Ani group exhibiting less conditioned 

freezing than the Veh+Veh group, F1,17 = 4.71, p < .05. Administration of TAT-GluA2-3Y and 

Ifenprodil ameliorated the amnestic effect of Anisomycin, making these groups equivalent to the 

Veh+Veh group, ps > .50, and different from the Veh+Ani group, Fs1,17 = 9.37 and 7.26, ps < .01 

and .05, respectively (Figure 5.6B, n=9). 

5.7. GluN2B receptor blockade alters LTD 1h after memory retrieval 

Our data and results from other laboratories strongly indicate that a retrieval-induced 

wave of AMPA and NMDA receptors is a likely physiological substrate for the lability of 

memory during reconsolidation. To investigate this assumption, we investigated whether 

manipulating receptor levels in our reconsolidation model would lead to altered LTP and LTD. 

Higher levels of GluN2B receptors are implicated in induction and maintenance of LTD; thus, 

we used the GluN2B selective antagonist Ifenprodil to better understand the role of GluN2B on 

synaptic plasticity during reconsolidation in an LTD induction experiment. Ifenprodil was 

administered 30 min prior to memory retrieval, and LTD was assessed 1h after retrieval. The 

main effect on LTD of administering the drug was significant, F2,10 = 89.68, p < .001. Post-hoc 

Tukey tests revealed that LTD was decreased (>1% above baseline) compared to Control and 

Rtv-1h levels, ps < .001 (Figures 5.7A and 5.7B, n=5), and approached baseline during the 

maintenance phase. This confirms our earlier conclusion that GluN2B plays an important role in 

the depression of synaptic activity (i.e., enhanced LTD) triggered by memory retrieval and that 

GluN2B antagonism decreases LTD and, hence, prevents the destabilization of synapses that 

would be otherwise produced by memory retrieval. To measure whether antagonism of GluN2B 
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resulted in altered strength of post synaptic membrane depolarization, we analyzed fEPSP 

amplitudes within TBS components by comparing Ifenprodil vs. no drug controls assessed 1h 

after memory retrieval. fEPSP amplitude of the first pulses of each burst within the TBS sweep 

was not altered significantly by administration of Ifenprodil, all Fs < 1.55, all ps > .48 (Figures 

5.8A and 5.8B, n=3). This was also the case when the amplitudes of the first fEPSP elicited in 

each TBS sweep were normalized using the first amplitude of the first sweep as baseline, all Fs < 

1.83, all ps > .19 (Figure 5.8D, n=5). Analysis of the slow pulse of each burst revealed that 

fEPSP amplitudes decreased across bursts within each sweep, F9,36 = 4.12, p < .005, and 

exhibited a gradual shift toward higher amplitudes across sweeps, F4,16 = 3.33, p < .05. However, 

there were no shifts in amplitude based on drug treatment, and drug treatment did not interact 

with any of the other factors, all Fs < 1.50, all ps > .28 (Figure 5.8C, n=3).  

5.8. Controlled Inhibition of GluA1 endocytosis increases LTP and decreases LTD during 

reconsolidation 

Memory retrieval appears to trigger a biphasic wave of GluA2 receptors in the 

hippocampus, and blockade of GluA2 endocytosis leads to memories that appear insensitive to 

manipulations during the reconsolidation period (Rao-Ruiz et al., 2011, 2015). Controlled GluA2 

receptor endocytosis blockade increases miniature AMPA receptor-currents in reconsolidation in 

a mice 1h after retrieval (Rao-Ruiz et al., 2011), suggesting that such blockade increases 

potentiation in synapses. However, the physiological relevance of such intervention in terms of 

synaptic plasticity is not known. To investigate effect of GluA2 receptor manipulation on altered 

LTP and LTD (bidirectional plasticity) shortly after memory recall, we administered either TAT-

GluA2-3Y (TAT-3Y, active peptide) or TAT-GluA2-3A (TAT-3A, scrambled control peptide) 

30 min before retrieval. This should result in disrupted endocytosis of synaptic GluA2 receptors 
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during the initial portion of the reconsolidation period (Dias et al., 2012). LTP was assessed 1 

and 4h after retrieval (Rtv-1h and Rtv-4h). LTP levels were dependent on time since retrieval, 

F1,23 = 22.45, p < .001, and were also dependent on the compound administered (TAT-3Y, 

>40%; TAT-3A <20%; or no drug Rtv-1h, <20%), F2,23 = 16.15, p < .001. More importantly, 

these two factors interacted to determine LTP levels, F2,23 = 8.52, p < .005. Post-hoc Tukey tests 

revealed that LTP levels were significantly increased by TAT-GluA2-3Y 1h after retrieval, as 

compared to both Rtv-1hand TAT-GluA2-3A groups, ps < .001; there was, however, no change 

in LTP 4h after retrieval (>30% for TAT-3A and TAT-3Y), ps > .86 (Figures 5.9A and 5.9C, 

n>3). Other laboratories (e.g., Rao-Ruiz et al., 2011) have reported that disruption of GluA2 

endocytosis after retrieval failed to alter miniature AMPAR currents after approximately 4h 

(Rao-Ruiz et al., 2011), suggesting that an initial decrease in GluA2 receptors is critical for the 

occurrence of reconsolidation. Our data further suggest that controlled inhibition of GluA2 

endocytosis leads to improved LTP in the SC-CA1/CA3 commissural pathways during fear 

memory reconsolidation. We further investigated the effect of GluA2 endocytosis blockade on 

LTD expression. Blockade of GluA2 receptor endocytosis by TAT-GluA2-3Y attenuated LTD 

1h after memory retrieval (<5%), F2,9 = 91.07, p < .001, as compared to both TAT-GluA2-3A 

(<30%) and no drug Rtv-1h (<30%), ps < .001 (Figures 5.9B and 5.9D, n>3). Thus, interruption 

of the retrieval-induced wave of GluA2 receptors interferes with the otherwise occurring patterns 

of LTP and LTD, and could have important implications for memory destabilization after 

retrieval.  

To further analyze whether blocking GluA2 endocytosis has an effect on membrane 

depolarization (via GluN2A expression) we performed train analyses after administration of the 

TAT-GluA2-3Y and TAT-GluA2-3A 1 and 4h after memory retrieval. fEPSP amplitude of the 



68 
 

first pulses of each burst changed across the first sweep, F8,136 = 10.80, p < .001, and based on 

time since memory retrieval, F8,136 = 2.65, p < .01. Furthermore, there was a 3-way interaction 

with drug administered, F16,136 = 2.41, p < .005 (all other Fs < 2.74, all ps > .10). This interaction 

was likely due to decreased amplitudes observed during the initial sweeps in the TAT-3A 

condition 4h after retrieval, which normalized to control levels in later sweeps (Figures 5.10A 

and 5.10B, n=3). When the amplitudes of the first fEPSP elicited in each TBS sweep were 

normalized using the first amplitude of the first sweep as baseline, no differences were observed 

across bursts or sweeps, all Fs < 1.83, all ps > .19 (Figure 5.10D, n=3). Analysis of the fourth 

slow pulse of each burst revealed that fEPSP amplitudes decreased across bursts within each 

sweep, F9,36 = 4.12, p < .005, and exhibited a gradual shift toward higher amplitudes across 

sweeps, F4,16 = 3.33, p < .05. However, there were no shifts in amplitude based on drug 

treatment, and drug treatment did not interact with any of the other factors, all Fs < 1.50, all ps > 

.28 (Figure 5.10C, n=3).  
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5.9. Figure legends:  

Figure 5.1. A. Schematic design and timing of events. During conditioning, a 3-min context 

exposure (represented by small rectangles above the timeline) was (Retrieval and NoRetrieval) 

or was not (Control) paired with delivery of electric footshock (lightning symbol). Memory of 

the conditioning trial was assessed as percent time freezing in the conditioning context (Retrieval 

and Control) or a novel context (NoRetrieval) 24h later in a second 3-min session. Animals were 

then euthanized for biochemical and electrophysiological experiments 1, 4, or 6h after retrieval 

(upward arrows). Tick marks represent 30-min intervals. The shaded area represents the 

progression of reconsolidation, from highest destabilization of memory (darker portion) to 

memory restabilization (lighter portion).   B. Freezing scores expressed as percent freezing 

during retrieval of memory of the conditioning experience, which involved pairings of the 

context with footshock (Retrieval, Rtv, ns = 14-18), exposure to the context (Control, ns = 9), or 

conditioning in a context different from the context of Retrieval (NoRtv, ns =9). Freezing was 

observed only in the Rtv condition, F1, 74 = 41.08. Asterisks (** represents p<0.01) represent 

post-hoc comparisons (Tukey’s test) against control. 

 

Figure 5.2. Immunoblotting of precipitated PSD-95 fraction shows the biphasic pattern of 

interaction of the target receptors at the postsynaptic density. A. Immunoblots indicate altered 

synaptic receptor interaction with PSD-95 at different time points in Hippocampus (area of 

interest) and Cerebellum (control area to show that the changes are not global) compared to 

control groups. B. Control and IgG samples were probed with PSD-95 specific antibody, used as 

negative control. Numbers on left side of each panel indicate the molecular weights of each 

probed protein. Each group had an n=5 (pooled together), and was ran on SDS-PAGE gel >3 
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times. Samples were loaded in different orders each time to avoid bias. C-F. Percent ratio of 

expressed protein (GluA2, GluA1, GluN2A, and GluN2B for Panels C, D, E, and F, 

respectively) vs. PSD-95. All data are presented as mean ± SEM. Asterisks (*) represent 

differences from Control, hashtags (#) represent differences from Rtv-6h. * = p < .05, ** = p < 

.01, *** = p < .005, **** = p < .001 (equivalent representation of statistical significance for 

comparisons against Rtv-6h). 

 

Figure 5.3. Basal synaptic transmission recorded from CA3-CA1 pathway of the hippocampus 

was impaired shortly after retrieval (Rtv-1h), and was normalized to Control levels at 4 and 6h 

after retrieval (Rtv-4h and Rtv-6h). Slopes were calculated from fEPSPs generated from n= 3 

animals for each group. Data are presented as mean ± SEM (brackets). A Group X Stimulus 

Intensity ANOVA revealed a main effect of stimulus intensity, F6,48 = 66.59, p < .001, and an 

interaction, F18,48 = 2.24, p < .05. Traces shown are calibrated at a 5mV/50ms scale. 

 

Figure 5.4. LTP and LTD from CA3-CA1 pathway of the hippocampus during reconsolidation. 

A. Compared to Controls receiving no shock during conditioning (which did not differ from 

subjects receiving shock in a context different from the context of retrieval, No-Rtv), TBS-

induced LTP was impaired 1h after retrieval (Rtv-1h, n=5), returned to control levels 4h after 

retrieval (Rtv-4h, n=5), and was expressed significantly above controls 6h after retrieval (Rtv-6h, 

n=5). Representative traces were collected before and after LTP induction (within first 5 min). 

Baseline was recorded for 55-60 min without induction to verify stability of fEPSP slope 

recording (n=8). B. Dual-LFS induced LTD was increased 1h after retrieval (Rtv-1h, n=5), 

returned to control levels 4h after retrieval (Ret-4h, n=5), and decreased to near baseline levels 
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6h after retrieval (Rtv-6h, n=5). Representative traces were obtained as described for LTP. 

Recordings were conducted 55-60 min post induction. C and D. Normalized fEPSP slopes 

obtained from the last 5 min of recording for LTP and LTD, respectively. All data are presented 

as mean ± SEM. Asterisks (*) represent differences from control, hashtags (#) differences from 

Rtv-6h, and crosses (+) differences from No-Rtv. * = p < .05, ** = p < .01, *** = p < .005, **** 

= p < .001 (equivalent representation of statistical significance for comparisons against Rtv-6h 

and No-Rtv). 

 

Figure 5.5. A. Traces are a representation of TBS sweep (top), the control (middle) and Rtv-6h 

(bottom) groups. B. Within Train Facilitation. TBS sweep was not altered significantly based on 

time since memory retrieval, F3,8 < 1, p > .75. fEPSP amplitude changed across bursts, F8,88 = 

10.23, p < .001, but these changes were not associated with time since memory retrieval, F24,88 = 

1.08, p > .38. C. Slow component decay assay. fEPSP amplitudes decreased across bursts within 

each sweep, F9,81 = 5.78, p < .001, but there was no interaction among groups (SEMs omitted for 

clarity). D. Amplitudes of the first fEPSP elicited in each TBS sweep were normalized using the 

first amplitude of the first sweep as baseline. There was a main effect of time since memory 

retrieval, F3,9 = 7.73, p < .05, and this effect was independent of sweep number, F9,27 = 1.49, p > 

.20. There was higher potentiation in the Rtv-6h group, compared to all other groups, Fs1,9 > 

6.17, ps < .05. Groups Rtv-1h and Rtv-4h did not differ from controls. Data are presented as 

mean ± SEM (brackets), and all data points represent an n=3. 

  

Figure 5.6. A. Schematic design and timing of events. During conditioning, a 3-min context 

exposure (represented by small rectangles above the timeline) was paired with delivery of 
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electric footshock (lightning symbol). Memory retrieval was achieved by exposing the animals to 

the conditioning context 24h later in a second 3-min session. Animals received vehicle (Veh), 

TAT-GluA2-3Y (TAT), or Ifenprodil 30 min prior to retrieval, and vehicle or Anisomycin (Ani) 

5 min after retrieval (ns = 9). Memory was again assessed 3 d later. B. Shows drug treatment 

determining freezing scores during memory assessment, p = .05. Anisomycin resulted in 

decreased retrieval of the conditioning memory (Veh+Ani vs. Veh+Veh, p < .05), showing 

Anisomycin’s amnesic effect.  TAT-GluA2-3Y and Ifenprodil ameliorated the amnestic effect of 

Anisomycin, making these groups equivalent to the Veh+Veh group, ps > .50, and different from 

the Veh+Ani group, ps < .01 and .05, respectively. Data are presented as mean ± SEM.* = p < 

.05, ** = p < .01 (equivalent representation of statistical significance for comparisons against 

Veh+Ani group). 

 

Figure 5.7. LTD recorded from CA3-CA1 pathway of the hippocampus 1h after memory 

retrieval after Ifenprodil treatment (Ifenprodil-1h) or no drug treatment (Rtv-1h). A. No 

significant overall differences were noted in the depolarization envelope, but dual-LFS induced 

LTD was decreased to baseline levels after Ifenprodil treatment (ns =5). Representative traces 

were collected before and after LTD induction (within first 5 min). Recordings were conducted 

55-60 min post induction.  Normalized fEPSP slopes obtained from the last 5 min of recording 

and confirmed the effect of Ifenprodil on LTD, p < .001. The Ifenprodil group differed from both 

the Rtv-1h and Control groups, Tukey post-hoc ps < .005. All data are presented as mean ± 

SEM. (*) asterisks represent differences from Control, (#) hashtags represent differences from 

Ifenprodil-1h. *** = p < .005, **** = p < .001 (equivalent representation of statistical 

significance for comparisons against Rtv-Ifenprodil-1h).  
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Figure 5.8. A. Traces are a representation of TBS sweep (top), the Rtv-1h (middle) and 

Ifenprodil (bottom) groups. B. Within Train Facilitation. TBS sweep was not altered 

significantly based on administration of Ifenprodil, all ps > .48. C. Slow component decay assay. 

fEPSP amplitudes decreased across bursts within each sweep, p < .005, and there was a gradual 

shift toward higher amplitudes across sweeps, p < .05. However, there were no shifts in 

amplitude based on drug status, and drug status did not interact with any of the other factors, all 

ps > .28.  D. Amplitudes of the first fEPSP elicited in each TBS sweep were normalized using 

the first amplitude of the first sweep as baseline, and they were equivalent across groups, all ps > 

.19. Data are presented as mean ± SEM (brackets), and all data points represent n=3.  

 

Figure 5.9. LTP and LTD recorded from CA3-CA1 pathway of the hippocampus 1h after 

memory retrieval after inhibition of GluA2 endocytosis or control treatment. A. As compared to 

Rtv-1h, TBS-induced normalized fEPSP increased in the TAT-3Y 1h group; however, LTP was 

near Rtv-4h levels in the TAT-3Y 4h  (Rtv-1h and Rtv-4h or an inactive, scrambled peptide 

[TAT-3A 1h and TAT-3Y 4h] were used as controls in this experiment). Representative traces 

were collected before and after LTP induction (within first 5 min), smooth traces are before 

induction, while rough traces are after induction. B. Dual-LFS induced LTD was at Rtv-1h levels 

1h after administration of TAT-3A and decreased to baseline levels after administration of TAT-

3Y. Representative traces were obtained as described for LTP. Recordings were conducted 55-60 

min post induction. C and D. Normalized fEPSP slopes obtained from the last 5 min of 

recording for LTP and LTD, respectively. LTP level was determined by time since retrieval, and 

compound (TAT-3Y, TAT-3A, or no drug Rtv-1h control). Importantly, these factors recorded 
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from CA3-CA1 pathway of the hippocampus 1h after memory retrieval to determine LTP levels, 

***p < .005 All data are presented as mean ± SEM (SEMs were omitted in A for clarity). For all 

measures, n>3. (*) asterisks represent differences from Rtv-1h, (#) hashtags represent differences 

from TAT-3Y. *** = p < .005 (equivalent representation of statistical significance for 

comparisons against Rtv-1h and TAT-3Y). 

 

Figure 5.10. A. Traces show representation of TBS sweep (top) and the TAT-3Y 1h (middle) 

and TAT-3A 1h (bottom) groups. B. within Train Facilitation. fEPSP amplitude of the first pulse 

of each burst changed across the first sweep, p < .001, and based on time since memory retrieval, 

p < .01, interacted with drug administered, p < .005C. Slow component decay assay. fEPSP 

amplitudes decreased across bursts within each sweep, p < .005, with gradual shift toward higher 

amplitudes across sweeps, p < .05, but no shifts in amplitude based on drug status, nor 

interactions between drug status and any other factor, ps > .28. Amplitudes of the first fEPSP 

elicited in each TBS sweep were normalized using the first amplitude of the first sweep as 

baseline, with no significant effects or interactions; all ps > .19. Data are presented as means ± 

SEM (brackets). For all data points, n=3.  

 

Table 5.1. Delta-Delta Ct values and their standard deviations along with Fold change values for 

the three target genes, GluN2B, GluA1 and GluA2, as expressed 1, 4 and 6h after retrieval 

(Groups Rtv-1h, Rtv-4h, and Rtv-6h, respectively, ns = 5). GluN2B mRNA increased 

significantly in Rtv-1h and subsequently decreased to control levels. Contrarily, GluA1 and 

GluA2 mRNA levels decreased in Rtv-1h, and GluA2 overexpressed slightly in Rtv-6h. Negative 

values in Delta-Delta Ct indicate increased mRNA levels, while positive values indicate 
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decreased mRNA levels. Standard deviations below 1 are considered significant.  Fold change 

values higher than 1 (control level) indicate increase in mRNA levels for the respective groups at 

the specific time points, while a value lower than 1 indicates decreased mRNA levels. q-PCR 

experiments were conducted 4-6 times with GAPDH loading control. Brackets represent 

standard deviations. 
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Figure 5.3  
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Figure 5.4  
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Figure 5.5  
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Figure 5.6  
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Figure 5.7  
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Figure 5.8  

Burst #

1 2 3 4 5 6 7 8 9 10

N
o
rm

a
liz

e
d

 a
m

p
lit

u
d

e

0

20

40

60

80

100

120

140

160

180

200

220 Rtv-1h

Ifenprodil-1h

A.

B.

TBS

(4 pulses at 100Hz)

Rtv-1h

Ifen-1h

Sweep #

1 2 3 4 5

N
o

rm
a

liz
e

d
 a

m
p

lit
u

d
e

0

20

40

60

80

100

120

140

160

180

200

220 Rtv-1h

Ifenprodil-1h

C.

D.

Sweep #

1 2 3 4 5

A
m

p
lit

u
d
e
 (

%
)

20

40

60

80

100

120

140

160

180

200

220
Rtv-1h

Ifenprodil-1h



 
 

84 
 

 

 

 

Figure 5.9 
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Figure 5.10 

  

 Delta-Delta Ct Fold Change Standard Dev (±) 

 GluN2B GluA1 GluA2 GluN2B GluA1 GluA2 GluN2B GluA1 GluA2 

Retrieval 1h -4.44 -0.11 -0.38 21.71 1.07 1.30 0.58 0.49 0.71 

Retrieval 4h -1.07 0.14 0.26 2.09 0.9 0.83 0.64 0.60 0.53 

Retrieval 6h -2.44 -0.94 -1.17 5.42 1.91 2.25 0.64 0.48 0.49 
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Chapter VI 

Discussion 

Some of the cellular processes underlying reconsolidation have been described, 

specifically the involvement of protein synthesis and receptor trafficking at glutamatergic 

synapses in the hippocampus (Matsuo et al., 2008; Rumpel et al., 2005; Schafe et al., 2001). The 

present study used a contextual fear conditioning preparation in which rats were exposed to a 

novel environment paired with a fear-inducing stimulus. Memory of this experience was 

retrieved by placing the animal back in the conditioning context and measuring fear levels. 

Contextual fear conditioning is highly dependent on hippocampal function (Phillips and 

LeDeoux, 1992) and constitutes an ideal model of hippocampal learning to investigate memory 

reconsolidation. Following retrieval of conditioned fear memory, we analyzed the role of GluA1, 

GluA2, and GluN2B receptor-mediated hippocampal bidirectional plasticity (LTP/LTD) during 

reconsolidation (a period of approx. 6h following memory retrieval, Rao-Ruiz et al., 2011). This 

analysis resulted for the first time in a novel model of time-based synaptic plasticity changes 

during the reconsolidation period. Based on this model, we also provide the first demonstration 

of modulatory effects of an endocytosis blocker (TAT-GluA2-3Y) and GluN2B antagonist 

(Ifenprodil) on LTP/LTD during reconsolidation of a conditioned fear memory.  

Our receptor expression study suggests that there are distinct stages during the 

reconsolidation process, each characterized by a specific pattern of receptor interaction with 

PSD-95. During the initial stage (in our study, 1h after retrieval), GluA1/2 expression was 

impaired, and GluN2B was higher than controls in the hippocampus, but these effects were not 

observed in the cerebellum. Moreover, no changes were observed during the equivalent time 

period on GluN2A receptor expression in the hippocampus. This suggests that decreased 
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synaptic expression of GluA1/2 and increased expression of GluN2B in the hippocampus 

underlies the altered balance of plasticity observed at the onset of reconsolidation. GluA1 

receptor interaction with PSD-95 normalized to control levels later in the reconsolidation process 

(4-6h after retrieval), but GluA2 receptors followed a different pattern of recovery. GluA2 

receptors gradually normalized (4h after retrieval) and then overexpressed as the memory 

became restabilized (6h after retrieval). Thus, although GluA1 and GluN2B alterations appear 

critical for the onset of reconsolidation, a biphasic wave of GluA2 activity appears critical for the 

progression of reconsolidation (Rao-Ruiz et al., 2011).  

Synaptic receptor levels during reconsolidation appear to be at least partially modulated 

by altered transcription. GluA1 mRNA expression remained at control levels 1h after retrieval 

and decreased below control levels 4h after retrieval. However. GluA1 mRNA levels were 

higher than control 6h after retrieval, although the synaptic levels of GluA1 receptors remained 

below control. GluA2 mRNA levels were at control levels shortly after memory retrieval (1h), 

fell below control levels 4h after retrieval, and steadily increased to exceed  control levels 6h 

after retrieval. This pattern of mRNA expression suggests that receptor expression levels are at 

least partially determined by changes in receptor transcription during reconsolidation instead or 

in addition to impaired trafficking (Rao-Ruiz et al., 2011). Unlike GluA1/2, GluN2B mRNA 

levels were significantly higher than the controls 1, 4, and 6h after memory retrieval.  This 

suggests a different time course for transcriptional changes for GluA1/2, and GluN2B receptors 

during reconsolidation. Possibly, a direct positive feedback mechanism between receptor 

expression and mRNA synthesis might be responsible for such an effect.  
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Synaptic plasticity is expressed in two main forms, LTP and LTD. A controlled balance 

between these two different forms of plasticity is considered crucial for short- and long-term 

memory storage. The present study shows that this balance is also crucial in memory 

reconsolidation, with LTP and LTD showing opposing but equally calibrated patterns through 

memory stabilization and restabilization periods, and these patterns being closely related to 

glutamate receptor activity. Our underlying assumption is that retrieval induces a sensitive period 

of synaptic plasticity. This assumption is partially based on reports that LTP after retrieval is not 

sensitive to protein synthesis inhibitors unless re-stimulation occurs during the maintenance 

phase (Fonseca et al., 2006). The present study suggests that impaired LTP is a physiological 

marker of the initiation of memory reconsolidation (Rtv-1h), and the reconsolidation process is 

accompanied by a gradual normalization (Rtv-4h) and overexpression (Rtv-6h) of LTP. These 

changes in LTP expression are accompanied by an initial increase in LTD expression (Rtv-1h), 

followed by a gradual normalization (Rtv-4h) and reduction (Rtv-6h) of LTD. All observed 

plasticity changes are consistent with changes in glutamate receptor expression. GluA1/2 

receptor expression, which was decreased shortly after retrieval, is involved in induction and 

maintenance of LTP, whereas GluN2B receptor overexpression, which was observed shortly 

after retrieval, favors induction of LTD. GluN2A receptor activity did to appear to be related to 

retrieval-induced plasticity changes, since these changes were not accompanied by any 

significant alteration in GluN2A expression or membrane depolarization properties in our train 

facilitation studies (Kochlamazashvili et al., 2012).  

If GluA2 and GluN2B activity is crucial for the occurrence of LTP/LTD, selective 

disruption of these two processes should have profound effects on memory reconsolidation. 

Retrieval-induced endocytosis of GluA2 receptors was blocked with TAT-GluA2-3Y, whereas 
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GluN2B activity was reduced with the subtype selective antagonist Ifenprodil. Controlled 

blockade of GluA2 endocytosis and antagonism of GluN2B receptors prevented the initial 

memory destabilization that characterizes the onset of reconsolidation, effectively reducing the 

amnesic effects of Anisomycin, a protein synthesis inhibitor known to disrupt reconsolidation of 

recently retrieved memories. These behavioral observations were the result of TAT-GluA2-3Y 

abolishing the retrieval-induced deficits in LTP otherwise observed 1h after memory retrieval, 

and both TAT-GluA2-3Y and Ifenprodil reducing LTD to control levels (for TAT-GluA2-3Y) or 

baseline levels (for Ifenprodil). The short half-life of both the compounds (TAT peptide-90 min 

and Ifenprodil-30 min) further suggest that the effect they show on LTP/LTD is due to their 

ability to interfere with initial receptor expression patterns rather than a lingering effects of the 

drugs. 

The occurrence of memory destabilization as a consequence of retrieval has been known 

for years (cf. Misanin et al., 1968). More recently, there has been a renewed interest in 

reconsolidation processes because of the possibility that the content of a retrieved memory can 

be altered by new information acquired while the memory is unstable. For example, Monfils et 

al. (2009; and Rao-Ruiz et al., 2011; Schiller et al., 2010) reported that treatments attenuating 

fear conditioning (i.e., extinction, Pavlov, 1927) administered shortly after memory retrieval can 

dramatically decrease the likelihood of fear relapsing at a later time (fear relapse is a ubiquitous 

behavioral observation after extinction due to the passage of time or spontaneous recovery; 

Pavlov, 1927; Rescorla, 2004). The applications of such an approach are clear, since updating of 

anxiety-producing memories with a new memory devoid of anxiety could provide a powerful 

tool to address anxiety disorder (e.g., phobias) and trauma-related disorders (e.g., post-traumatic 

stress disorder [PTSD]). However, the utility of this approach is limited. Although the process of 
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reconsolidation has received great attention (Besnard et al., 2010; Nader and Einarsson, 2010, 

2015; Tronson and Taylor, 2007), it is still unclear whether memory updating during the 

reconsolidation period changes the to-be reconsolidated memory, or results in the formation of 

new memories with common retrieval links (Tronson and Taylor, 2007). Furthermore, updating 

manipulations are not effective in all cases (Auber et al., 2013). A full characterization of the 

physiological processes that underlie memory reconsolidation can provide a framework upon 

which such manipulations can be more successful. The present study provides a thorough 

description of the synaptic plasticity changes that occur during the reconsolidation period, along 

with a conceptualization of the mechanisms that lead to such changes, providing the first unified 

model of glutamate receptor expression and synaptic plasticity across the different stages of the 

reconsolidation period.  

Our findings are consistent with data from other laboratories (Rao-Ruiz et al., 2011), and 

suggest that the process of reconsolidation is characterized by bidirectional synaptic plasticity 

changes predominantly determined by postsynaptic mechanisms.  They also show how 

depolarization of synapses change over time during memory reconsolidation, in processes driven 

by altered waves of glutamate receptor expression in the Schaffer collateral hippocampal 

synapses.  These changes in the balance of LTP and LTD may reflect a natural way for 

hippocampal synapses to control various components of the to-be-reconsolidated memory, such 

as content or strength. Our data further suggest the specificity of hippocampus in 

reconsolidation. However, given the importance of amygdala in fear memory reconsolidation, 

investigating system level interactions between the amygdala and hippocampus in our current 

model is a future direction worth cultivating. A detailed understanding of the processes triggered 

by memory retrieval is an important first step to fully characterize the process of memory 
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reconsolidation and potentially lead to development of therapeutics that increase or prevent 

destabilization, modification, or restabilization of memory after retrieval (reconsolidation model, 

Figure 6.1). 

 

6.1. Innovation: 

The main innovation of the work described in the subsequent chapter of this dissertation 

is that it is based on a novel, time-dependent, model of receptor expression and synaptic activity 

during the reconsolidation period, and will extend this model to provide a characterization of the 

synaptic plasticity changes that underlie memory updating in future. The expectation is that 

retrieval of previously acquired memories is a consequence of the immediate events that trigger 

depression of synaptic plasticity after memory recall. Disruption of immediate memory 

destabilization (i.e., maintenance of high levels of synaptic plasticity) should prevent the 

occurrence of memory updating in this preparation. The main innovation of this project is that it 

is based on a novel, time-dependent, model of receptor expression and synaptic activity during 

the reconsolidation period, and will extend this model to provide a characterization of the 

synaptic plasticity changes that underlie memory updating. The expectation is that updating of 

previously acquired memories is a consequence of the immediate events that trigger depression 

of synaptic plasticity after memory retrieval. Disruption of immediate memory destabilization 

(i.e., maintenance of high levels of synaptic plasticity) should prevent the occurrence of memory 

updating in this preparation. 

Pathological fear and anxiety can be addressed through pharmacological and behavioral 

interventions, but the risk of relapse is very high. The public health relevance of the research 

work shown in this dissertation is that it will provide both a framework to determine when 
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behavioral interventions will be more successful in permanently modifying fear memories, as 

well as information regarding which biological mechanisms should be targeted in 

pharmacological interventions in order to maximize their success. 
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6.2. Legend: 

 

Figure 6.1. Model for bidirectional synaptic plasticity (LTP and LTD), during memory 

reconsolidation of a conditioned fear memory, and their correlation with receptor expression and 

trafficking. Shortly after retrieval (at our 1h assessment), there is overexpression of the GluN2B 

NMDA receptors in the active zone of the neurons accompanied by a downregulation of GluA1 

and endocytosis of GluA2 AMPA receptors. This pattern of receptor activity leads to an increase 

in LTD and decrease in LTP. As reconsolidation progresses (at our 4h assessment), GluA1 and 

GluA2 receptor expression approaches control levels, leading to a normalization of LTP and 

LTD. As reconsolidation comes to an end (at our 6h assessment), LTP is overexpressed while 

LTD decreases to baseline levels. GluN2B NMDA receptor interaction with PSD-95 remains 

higher than controls and GluA1 AMPA receptors remain at a control levels on the surface, while 

GluA2 AMPA receptors are overexpressed. This effect is possibly a delayed reaction to the 

initial downregulation of the particular receptor subtype during the destabilizing period of 

reconsolidation. Antagonizing GluN2B subtypes shortly after retrieval leads to attenuation of 

LTD. Controlled inhibition of endocytosis of GluA2 AMPA receptors lead to increased LTP and 

decreased LTD shortly (1h) after retrieval, but had no effects later during the reconsolidation 

period (4h after retrieval). These observations suggest that LTP and LTD mechanisms determine 

synaptic plasticity during memory reconsolidation, and these effects are mediated by glutamate 

receptor activity. Manipulating the target receptors during the initial period of reconsolidation 

may provide a specific approach to further understand and dissect the process. 
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