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Abstract

The recall of a previously formed fear memory triggers a process through which synapses in the 

amygdala become “destabilized”. This labile state at retrieval may be critical for the plasticity 

required to modify, update, or disrupt long-term memories. One component of this process 

involves the rapid internalization of calcium impermeable AMPA receptors (CI-AMPAR). While 

some recent work has focused on the details of modifying amygdala synapses, much less is known 

about the environmental factors that control memory updating and the important circuit level 

processes. Synchrony between the hippocampus and amygdala increases during memory retrieval 

and stable memories can sometimes be made labile with hippocampal manipulations. Recent work 

shows that memory lability at retrieval is influenced by the novelty of the retrieval environment, 

and detection of this novelty likely relies on the dorsal hippocampus (DH). Our goal was to 

determine how local activity in the DH contributes to memory lability and synaptic destabilization 

in the amygdala during retrieval when contextual novelty is introduced. We found that contextual 

novelty during retrieval is necessary for alterations in amygdala activity and CI-AMPAR 

internalization. In the absence of novelty, suppression of local activity in the DH prior to learning 

allowed for retrieval-dependent CI-AMPAR internalization in the amygdala. We next tested 

whether the changes in AMPAR internalization were accompanied by differences in memory 

lability. We found that a memory was made labile when activity within the DH was disrupted in 

the absence of contextual novelty. These results suggest that the DH is important for encoding 

contextual information during learning that regulates retrieval-dependent memory modification in 

the amygdala.

Introduction

Maladaptive fear expression, such as heightened responding to danger cues, is commonly 

seen in anxiety disorders (Parsons & Ressler, 2013). Exposure-based therapies can be used 

as a treatment option but require multiple recall sessions to diminish fear responding and are 

not always effective at preventing the return of fear (Maren & Holmes, 2016). Targeting the 

direct modification of the original fear memory may provide a more robust and long-lasting 

change in behavior. When a simple fear memory is recalled it triggers a time-dependent 
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process often called “reconsolidation” during which the memory can be modified (Misanin 

et al., 1968; Nader et al., 2000). Reconsolidation provides an opportunity to incorporate new 

information into the original memory trace, providing a unique and therapeutically relevant 

opportunity to modify maladaptive fear responding (Brunet et al., 2008; Hupbach et al., 

2007).

Reconsolidation can be characterized based on temporary phases of synaptic destabilization 

and restabilization. Destabilization is essential for the induction of plasticity necessary for 

synaptic reorganization and memory lability, while restabilization requires protein synthesis 

for synaptic restrengthening in order to reflect new information included into the original 

memory trace (Hong et al., 2013; Li et al., 2013; Milton et al., 2013). Plasticity underlying 

the destabilization phase of reconsolidation is dependent on calcium influx at synapses 

important for memory storage, with calcium-related activity being associated with a high 

degree of plasticity and subsequent memory lability (Hong et al., 2013; Milton et al., 2013). 

The insertion of calcium impermeable-AMPARs (CI-AMPARs) into the synapse following 

an initial learning experience reduces calcium influx into synapses, which is associated with 

stability and persistence of the memory over time (Joels & Lamprecht, 2010; Migues et al., 

2010; Migues et al., 2016). Shortly following a memory retrieval session, CI-AMPAR are 

transiently internalized to allow for the postsynaptic plasticity necessary for synaptic 

destabilization (Hong et al., 2013; Rao-Ruiz et al., 2011). Synaptic restabilization during 

reconsolidation is associated with the synthesis of new proteins, presumably replacing those 

that undergo reorganization and degradation during destabilization (Jarome et al., 2011; Lee 

et al., 2008). Inhibition of protein synthesis with amnesic agents like anisomycin has been 

commonly used to disrupt restabilization during reconsolidation and results in a disrupted 

memory trace and fewer AMPARs present in the synapse (Jarome et al., 2011; Jarome et al., 

2012; Li et al., 2013; Lopez et al., 2015; Nader et al., 2000). Thus, CI-AMPARs provide 

essential markers for reconsolidation events that regulate memory lability.

Several factors present during learning and fear recall are known to influence memory 

lability and synaptic destabilization during reconsolidation. For example, multiple recall 

events presented in close temporal proximity have been known to alter memory lability, as 

measured by the necessity for protein synthesis during fear reconsolidation (Jarome et al., 

2012). Additionally, the presence of new (i.e., different from those of the initial learning 

experience) environmental elements during fear retrieval provide additional information that 

can then initiate synaptic destabilization and allow for memory lability (Lee et al., 2008; 

Winters et al., 2009). These factors include novelty of the retrieval context (the chamber in 

which retrieval takes place), which is essential for reconsolidation-dependent memory 

lability and synaptic destabilization during reconsolidation (Jarome et al., 2015). More 

specifically, preexposure to the retrieval conditions is sufficient to prevent reconsolidation-

dependent updating, as indicated by reduced CI-AMPAR trafficking and prevention of 

anisomycin-related memory impairment (Jarome et al., 2015). Brain regions encoding 

contextual information during fear memory formation and recall may therefore be important 

in influencing the process of fear memory reconsolidation.

The DH is a critical region for encoding contextual information and interacts with the 

amygdala during fear memory formation and retrieval (Ikegaya et al., 1995; McIntyre et al., 
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2005; McReynolds et al., 2010). DH plasticity has been reported in response to cued fear 

retrieval and may therefore be important for memory lability in the amygdala during 

retrieval (Sanders et al., 2003; Seidenbecher et al., 2003). Interestingly, auditory memories 

that are resistant to impairment with amygdalar anisomycin infusions during retrieval can be 

made labile with DH lesions (Wang et al., 2009). This highlights an important role for 

contextual information, regulated by the DH, in the long-term storage and lability of fear 

memories in the amygdala. While evidence suggests an interaction between the DH and 

amygdala during standard auditory fear memory retrieval, how the DH may influence later 

recall of a cued fear memory is unclear. One possibility is that contextual information 

processed by the DH during learning regulates the ability of an auditory fear memory to 

become labile during retrieval (Jarome et al., 2015).

The goal of the present experiments was to directly test whether contextual novelty during 

auditory fear memory retrieval is necessary for memory lability, as indicated by the 

requirement for protein synthesis in the amygdala. Groups of rats received auditory fear 

conditioning and memory retrieval in either the acquisition context or a novel context. Here, 

we have defined contextual novelty as a context to which animals had not been exposed. 

(detailed description of the differences between chambers can be found in the methods 

section). Because internalization of CI-AMPAR is necessary for memory lability during 

retrieval, we wanted to determine whether contextual novelty regulates AMPAR trafficking 

during retrieval. We found that inactivation of the DH during training, but not during 

retrieval, allows for internalization of AMPAR in the amygdala when the context is not 

novel. We then manipulated contextual novelty in a series of behavioral experiments where 

infusions of anisomycin were delivered into the amygdala immediately following retrieval. 

Consistent with previous work, we show contextual novelty is critical for memory 

susceptibility to anisomycin-induced impairment following a retrieval session, and DH 

inactivation during training allowed for amygdala anisomycin impairments during retrieval. 

These results suggest contextual novelty, as processed by the hippocampus during memory 

retrieval, is critical for triggering memory lability and destabilization of amygdala synapses.

Methods

Subjects

Subjects were male Long-Evans rats from Envigo (n = 149; Indianapolis, IN) weighing 

approximately 350g at the time of arrival. Rats were individually housed with free access to 

water and rat chow. The animal colony was maintained at a 14:10-hr light/dark cycle with all 

experiments occurring under the light portion of the cycle. All experiments were approved 

by the University of Wisconsin-Milwaukee’s Institutional Animal Care and Use Committee.

Surgery

Immediately before surgery, rats were anesthetized with 4% isoflurane and oxygen, and after 

induction, isoflurane levels were maintained at 2 – 2.5% throughout the surgery. Bilateral 

cannulae targeted the amygdala at a 10° lateral angle (−3.0 mm posterior, +/−6.5 mm lateral, 

−7.6 mm ventral) and DH (−3.6 mm posterior, +/−2.6 mm lateral, −2.0 mm ventral) 

according to bregma (Paxinos & Watson, 2007), please see supplemental Figures 4 and 5 for 
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cannula placements and example images. Cannula were secured to the skull with four screws 

and surrounded by acrylic cement. Rats were given a minimum of 7 days after surgery to 

recover before behavioral training and testing.

Apparatus

Auditory fear conditioning was conducted in a set of four Plexiglas and stainless steel 

chambers within sound-attenuating boxes (Context A). The floor contained 18 stainless steel 

bars connected to a shock generator (Coulbourn Instruments, Allentown, PA). Each chamber 

had a speaker to allow delivery of the white noise conditional stimulus (CS), overhead 

illumination with a 7.5 W bulb, and ventilation fans to provide a constant background noise 

(55 dB). The chambers were cleaned with 5% ammonium hydroxide solution between sets 

of rats. A set of similar chambers designated Context B served as a novel context for 

auditory CS testing in some conditions. Context B has several distinct features including 

Plexiglas flooring, lack of overhead illumination, opaque chamber top, 5% acetic acid 

cleaning solution, and substantially different chamber walls.

Drug preparation and infusion

Animals were adapted to transport and handling procedures for 3 days before training. This 

included gentle restraint and exposure to the sound of the infusion pump. Drugs were 

prepared on the day of infusion. Groups received bilateral microinjections of lidocaine (40 

μg/μl, Sigma), or vehicle (sterile saline) at a rate of 0.5 μl/min and at a volume of 0.5 μl/

hemisphere into the DH 5-min prior to training or retrieval (Chang et al., 2008; van Duuren 

et al., 2007). Amygdala injections occurred immediately following a retrieval session 

(Anisomycin: 125 μg/μl, or ACSF vehicle) (Jarome et al., 2012; Jarome et al., 2015). Drugs 

were infused through 33-ga injection cannulae extending 0.5–0.7 mm beyond the guide 

cannulae. Injectors remained in place for 90s following infusion to ensure drug diffusion.

Behavioral procedures

Rats were placed in Context A for auditory fear conditioning. During training, rats were 

placed into the chamber and after a 6-min BL period, four white noise presentations (72dB, 

10s) that were paired with a footshock (1s, 1.0mA). The average inter-trial interval between 

each tone presentation was 110s, ranging from 90–130s. Rats remained in the chamber for 

an additional 4-min period following the final CS-UCS pairing. The total training session 

duration was 970-sec. Auditory CS retrieval and testing sessions took place in either Context 

A or B where rats received four discrete tone presentations of the CS (30-sec; 60-sec ITI) 

after a 4-min baseline. Aside from several distinct features, Context A and B chambers were 

also located in different rooms and were completely separate. Because of this, we have 

referred to the altered chambers in which training did not occur in as novel. Freezing was 

defined as the cessation of all movement excluding respiration (Fanselow, 1980) and was 

automatically scored in real-time with FreezeScan 1.0 detection software (Clever Sys, Inc., 

Reston, VA), which was calibrated to a trained human observer.
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Synaptosomal membrane preparation

Animals were deeply anesthetized with isoflurane 90-min following a retrieval session. 

Brains were immediately removed, flash frozen with dry ice, and stored at −80°C until 

dissected. Crude synaptosomal fractions were obtained as previously described (Ferrara et 

al., 2017; Jarome et al., 2011). Amygdalae were dissected out and homogenized in TEVP 

buffer with 320mM sucrose and then centrifuged at 1000x g for 10-min. The supernatant 

was removed and centrifuged at 10,000 × g for 10-min, and the remaining pellet was 

denatured in lysis buffer (all in 100 ml DDH20; 0.605 g Tris-HCl, 0.25 g sodium 

deoxycholate, 0.876 g NaCl, 1 μg/ml PMSF, 1 μg/ml leupeptin, 1 μg/ml aprotinin, 10 ml 

10% SDS). Protein levels were measured with a protein assay kit (Bio-Rad laboratories, 

Hercules, CA, USA).

Western blotting

Rats were sacrificed at 90-min following the retrieval session. Following synaptosomal 

preparation, protein levels were normalized and loaded onto an SDS/PAGE gel and then to a 

membrane using a transfer apparatus (Bio-Rad). Membranes were incubated in blocking 

buffer for 1-hr before being incubated in GluR1 (Cell Signaling, 1:1000), GluR2 (Santa 

Cruz, 1:500), or βactin (Cell Signaling, 1:1000) primary solutions overnight at 4 °C. 

Membranes were then incubated in the appropriate secondary (Santa Cruz, 1:20,000) 

antibody for one hour and prepped in a chemiluminescence solution for 3-min. Images were 

captured using a camera-based system (GBOX Chemi XT-4, Syngene) and densitometry 

performed using NIH Genesys.

Immunofluorescence

Animals were deeply anesthetized with isoflurane 90-min following retrieval. Brains were 

immediately removed and stored at −80°C until sliced. Brains were sliced in 20-micron 

serial sections and were mounted onto charged slides. Tissue sections were rehydrated in 

wash buffer (PBS + 0.05% Tween-20) and permeabilized (PBS + 0.3% Triton X) for 15-min 

and incubated in blocking solution (PBS + 0.7% NGS). Slides were then incubated in zif 

268/EGR1 antibody (Cell Signaling, 1:500, #4153) solution (PBS + 0.3% Triton X + 5% 

NGS) overnight at 4 °C. The next day, slides were incubated in secondary antibody solution 

for 2-hr and rinsed with wash buffer, a DAPI counterstain was applied, and slides were cover 

slipped.

Immunofluorescence microscopy and quantification

Specific anatomical locations were identified and verified using a rat brain atlas (Paxinos & 

Watson, 2007). Amygdala images were captured on an Olympus Fluoview FV1200 confocal 

microscope using a 20x objective lens. Serial z-stack images covered a depth of 4.55μm 

through five consecutive sections (0.91μm per section) and were acquired using Fluoview 

software (Olympus). The LUT was linear and covered the full range of data for all quantified 

images (0–4095). Three amygdala sections were analyzed bilaterally and were averaged for 

each rat (6 sections matched along the anterior-posterior axis for each rat). A series of 

example images can be seen in supplemental Figure 3.
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Images were exported as 12-bit TIFF files and particles were quantified using ImageJ 

software (NIH, Bethesda, MD, USA). Images were quantified by converting them to 32-bit, 

difference of Gaussian filtering (sigmas of 2 and 1.5), thresholding with the triangle method, 

and then counting particles greater than 4 pixels in diameter within the ROI. The “Classic 

Watershed Analysis” provided by ImageJ was also applied to images in order to separate 

zif268 neurons that were close in proximity. This results in a binary image with minimal 

background. All particle counts were averaged, bilaterally, across animals in each condition 

and normalized to the slices of animals infused with control virus using the “Analyze 

Particles” plugin in ImageJ. Based on size and circularity, particle measures were reported as 

a measure of cell counts and kept consistent within each experiment.

Statistical analyses

All statistical analyses and graphing were conducted in Prism 7 software (Graphpad, San 

Diego, CA). Western blot samples were normalized to actin levels and expressed as a 

percentage of no reactivation control groups. Behavioral and western blot statistical outliers 

were defined as any Z score > 2 (Field, 2005) and were excluded from all subsequent 

analyses. The data are presented as group averages with standard error of the mean (SEM). 

Behavioral experiments were analyzed using a two-way Analysis of Variance (ANOVA). 

Non-factorial designs were used for western blot groups in order to compare the “No 

Reactivation” group to treatment conditions, and tissue for immunofluorescent experiments 

were processed in pairs based on context manipulations. Based on this, western blot and 

immunofluorescent experiment comparisons were analyzed using a Student’s t-tests with the 

exception when Levene’s test was violated and the correct Welch statistic was used in place 

of the uncorrected t-test value. Western blot results in Figure 1 exclude nine rats, and Figure 

2 western blot results exclude three rats based on the outlier criterion reported above. For 

behavioral results in Figure 3 b–d, ten rats were excluded based on missed histological 

placements and two statistical outliers were excluded. The reported results in Figure 3 f–h 

exclude eight rats based on histology and three outliers.

Results

DH activity during training regulates amygdala AMPA receptor trafficking and zif268 
expression during reconsolidation in the absence of contextual novelty.

The trafficking of AMPA receptors at synapses in the amygdala following retrieval as well 

as increases in cellular activity and altered gene expression have been linked to memory 

lability and modification (Hong et al., 2013; Lee et al., 2008, Mamiya et al., 2009). Previous 

work shows a transient reduction in the presence of GluR2 subunits in the amygdala at 90-

min following a retrieval session, and around this time point they are thought to be replaced 

with GluR2 lacking (GluR1) AMPA receptors (Jarome et al., 2015; Jarome 2012; Maddox et 

al., 2011; Plant et al., 2006). Based on this, we hypothesized that GluR2 expression in 

synaptosomal fractions would be reduced following memory recall in a novel context. 

Because changes in GluR1 expression are dependent on the exchange of CI-AMPAR and the 

chosen time point may not be best suited for detecting changes in GluR1 expression, these 

results may be more variable. Increases in zif268 expression have also been reported 

following fear retrieval and zif268 changes in the amygdala have been linked to memory 
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lability following retrieval; therefore, zif268 was chosen as a measure for amygdala activity 

following recall for the following studies (Espejo et al., 2016; Ferrara et al., 2019; Lee 

2008). Further, changes in AMPAR trafficking do not occur in the absence of contextual 

novelty (Jarome et al., 2015).

Because the DH encodes contextual information during auditory fear conditioning, and 

contextual novelty is required for CI-AMPAR internalization in the amygdala, we 

inactivated the DH region prior to learning to determine whether DH activity in the absence 

of contextual novelty regulates amygdala AMPA receptor trafficking during fear recall (Fig 

1a). All groups showed similar levels of behavioral reactivation regardless of context as well 

as actin levels, which can be used as an accurate loading control when 2μg of total protein or 

less are used (Chen & Xu, 2015) (Fig 1b, 1f). Consistent with previous work (Jarome et al., 

2015), we found reductions in amygdala GluR2 receptor subunits in synaptic fractions in 

comparison to a no reactivation (NR) control when the context was novel regardless of 

vehicle (t (25) = 2.256, p < 0.05) or lidocaine (t (24) = 2.696, p < 0.05) infusion into the DH 

(groups B-VEH and B-LIDO; Fig 1d). We also found a decrease in GluR1 synaptic 

expression when the context was novel and the DH was inactivated (t (25) = 2.134, p < 0.05; 

Fig 1e) and strong trend towards a decrease when vehicle was infused into the DH (t (25) = 

1.774, p < 0.09; Fig 1e).

When the context remained the same between training and retrieval, there was no difference 

between the reactivation (A-VEH) and no reactivation (NR) group (t (28) = 0.532, p > 0.05; 

Fig 1d), supporting the idea that retrieval in a novel context is necessary for reductions in 

amygdala GluR2 synaptic expression during reconsolidation. However, when the DH was 

inactivated during training and the context was not changed between training and retrieval, 

there was a significant reduction in GluR2 (t (25) = 2.256, p < 0.05; Fig 1d). Internalization 

of CI-AMPARs as well as memory retrieval have also been associated with increased zif268 

immediate early gene (IEG) expression (Ferrara et al., 2019; Gardner et al., 2005; Jarome et 

al., 2012; Lee et al., 2008). To determine whether our changes in AMPAR trafficking were 

also accompanied by changes in IEG expression, we used immunofluorescence to quantify 

zif268 protein in the amygdala. We found a significant increase in amygdala zif268 

expression (t (19) = 2.379, p < 0.05; Fig 1c). Together, these results demonstrate that changes 

in the context contribute to amygdala CI-AMPAR internalization following retrieval. This 

essential contextual information is likely dependent on activity within the DH region, as 

LIDO infusions in the absence of contextual novelty also allow for CI-AMPAR 

internalization and increased zif268 expression in the amygdala.

DH activity during memory retrieval in the absence of a novel context does not regulate 
amygdala AMPA receptor internalization or zif268 expression.

The first experiment suggests that DH-activity during training is essential for synaptic 

destabilization in the amygdala during fear recall in the absence of contextual novelty. We 

next wanted to determine whether DH activity during retrieval could influence amygdala 

AMPAR trafficking following a retrieval session. Here, we only used a vehicle group for our 

novel context condition because we did not find significant differences between groups 

infused with lidocaine or vehicle prior to conditioning but infused lidocaine or vehicle into 
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the DH prior to retrieval in conditions where the context was not novel (Fig 2a). DH 

inactivation had no effect on auditory CS fear or actin levels (Fig 2b, 2g). Amygdala zif268 

expression was not increased in the absence of contextual novelty when the DH was 

inactivated (t (22) = 1.869, p > 0.05 Fig 2c). Similar to zif268 expression, GluR2 expression 

levels did not differ between groups that did not receive a reactivation session and groups 

that received training and retrieval in the same context regardless of vehicle (t (11) = 0.791, p 
> 0.70; Fig 2e) or lidocaine infusions (t (12) = 0.110, p > 0.10; Fig 2e). To ensure infusions 

into the DH alone were not preventing increases in amygdala zif268 expression and AMPAR 

trafficking following retrieval, we included a group that received training and retrieval in 

different contexts and vehicle infusions prior to retrieval. When comparing a novel context 

group to a no reactivation group, there was significantly more zif268 positive cells (t (22) = 

3.751, p < 0.01; Fig 2d) and significantly less synaptic expression of GluR2 (t (12) = 2.230, p 
< 0.05; Fig 2e) in the amygdala, suggesting DH infusions prior to retrieval alone do not 

impact amygdala cellular activity and CI-AMPAR internalization. These results suggest that 

DH inactivation prior to retrieval does not result in synaptic destabilization required for 

memory lability and modification.

Memory lability in the amygdala is regulated by contextual novelty and DH activity.

Because inactivation of the DH during auditory fear memory formation resulted in amygdala 

AMPAR trafficking and increases in zif268 expression when contexts were not changed 

between training and retrieval, we wanted to directly test the necessity of contextual novelty 

on auditory fear memory lability (Fig 3a). Amnesic agents like anisomycin have often been 

used to test restabilization and memory lability following memory retrieval (Jarome et al., 

2012; Lee et al., 2008; Lopez et al., 2015; Nader et al., 2000). Here, we inactivated the DH 

with lidocaine during training to determine if DH activity could influence memory lability in 

the amygdala in the absence of contextual novelty. Because lidocaine was infused during 

training, we compared freezing responses, or behavioral performance, between vehicle and 

lidocaine groups during conditioning. There were no performance effects during training 

while the DH was inactivated (F(6, 58) = 0.39, p = 0.88; Fig 3b) or during the retrieval 

session (F(3, 29) = 2.047, p = 0.13; Fig 3c). To more closely look at an effect of DH 

inactivation on contextual fear during the retrieval session, lidocaine and vehicle groups 

were directly compared during the baseline period. There is a moderate reduction in freezing 

in groups that received lidocaine infusions into the DH (t(31) = 1.56, p = 0.06, Fig 3c). 

During the long-term retention test, there was a significant main effect of drug (F(3, 58) = 

3.17, p < 0.05; Fig 3d). This main effect revealed a reduction in fear between groups that 

received lidocaine-anisomycin infusions in comparison to vehicle-vehicle infusions (p < 

0.05). These results support the idea that contextual novelty is required for a memory to be 

susceptible to protein synthesis inhibition during reconsolidation (Jarome, et al 2015). 

Furthermore, neural activity in the DH appears to gate protein synthesis related memory 

lability in the amygdala.

To rule out potential confounding lidocaine/anisomycin interactions and ensure DH 

inactivation does not impair auditory fear memory retention, we included a condition where 

all groups receive lidocaine DH infusions and the retrieval/test occurs in a novel context (Fig 

3e). There were no differences between groups during training (F(2, 30) = 0.33, p = 0.72; Fig 
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3f) or retrieval (F(1, 15) = 0.53, p = 0.48; Fig 3g). At test, there was a near statistically 

significant interaction (F(1, 14) = 3.29, p = 0.09), and a main effect for time (F(1, 14) = 140.80, 

p < 0.0001). Post hoc analysis revealed a significant reduction in freezing in groups that 

received anisomycin infusions immediately following retrieval (p < 0.05; Fig 3h).

Discussion

We manipulated novelty of the retrieval context to further understand the importance of the 

retrieval conditions during the reconsolidation of an auditory fear memory, and to determine 

whether the DH is critical for amygdala synaptic destabilization and memory lability during 

reconsolidation. We found lidocaine infusions into the DH during training as well as 

exposure to a novel context regulate amygdala synaptic destabilization and memory lability 

during retrieval. Specifically, we found that local inactivation of DH during memory 

formation allows for a requirement for protein synthesis in the amygdala in the absence of 

contextual novelty. CI-AMPAR internalization in the amygdala is necessary for synaptic 

destabilization during retrieval and is regulated by contextual novelty (Ferrara et al., 2019; 

Hong et al., 2013; Jarome et al., 2015). Lidocaine was used to inactivate the DH and may 

not have exclusively affected local DH principal neurons. Instead, neuronal processes, such 

as fibers connecting other brain regions, may have also been inhibited. Because of this we 

provided evidence that lidocaine infusions targeting the DH during training allow for 

amygdala AMPAR trafficking during reconsolidation when groups receive training and 

retrieval in the same context. This suggests that the DH processes contextual information 

during training which can subsequently regulate amygdala synaptic destabilization during 

auditory fear retrieval. These results support the idea that contextual novelty initiates 

synaptic destabilization and memory lability in the amygdala during reconsolidation, and 

additionally show that the contextual information that regulates later amygdala 

destabilization may be encoded by the DH.

Amygdala AMPA receptor trafficking during retrieval has been linked to the initiation of 

memory lability (Hong et al., 2013; Jarome et al., 2012; Lopez et al., 2015). Rapid 

internalization of CI-AMPAR during reconsolidation allows for synaptic plasticity 

underlying destabilization of synaptic connections to allow for the incorporation of new 

information into the original memory trace (Hong et al., 2013; Migues et al., 2016). The 

pattern of AMPAR trafficking and amount of AMPAR that return to the synapse after 

reconsolidation are sensitive to the cues present during retrieval (Jarome et al., 2015). 

Consistent with this, we demonstrate that contextual novelty during retrieval is an important 

factor for AMPAR internalization and this is regulated by activity in the DH during training. 

Specifically, when the retrieval context is different from the training context, CI-AMPAR 

internalize and the memory is susceptible to protein synthesis inhibition. When the context 

is not novel, CI-AMPAR are maintained in amygdala synapses and do not allow for memory 

modification. Thus, the contextual information encoded and regulating lability is dependent 

on activity within the hippocampal region, which then influences memory persistence in the 

amygdala.

Memory susceptibility to disruption has also been linked to novelty of the retrieval 

conditions, and specifically the retrieval context (Jarome et al., 2015). However, it is 
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important to acknowledge that exposure to training and retrieval chambers prior to training 

and retrieval alone can still result in memory lability (Duvarci & Nader, 2004). To test this 

and target activity in the hippocampal region, we infused lidocaine into the DH prior to 

auditory fear conditioning. Groups received a retrieval session 24-hrs later and infusions of 

either vehicle or anisomycin in the amygdala immediately after retrieval. During the retrieval 

session, groups that received lidocaine infusions into the DH show modest reductions in 

context fear in comparison to groups infused with vehicle. This could be due to generally 

low fear responding during baseline in the vehicle conditions (i.e. less than 35% freezing), 

which may not be sensitive enough to detect decreases in fear. At a long-term test, groups 

that received lidocaine into the DH and anisomycin into the amygdala showed a deficit in 

CS retention, suggesting local activity in the DH during training allows for amygdala-

dependent memory lability following retrieval. Collectively, this work suggests activity in 

the DH during training can mediate memory lability and synaptic destabilization in the 

amygdala during retrieval when contextual novelty is removed.

Several studies demonstrate an important role for communication between the DH and 

amygdala during fear memory formation (McIntyre et al., 2005; McReynolds et al., 2010; 

Sanders et al., 2003; Seidenbecher et al., 2003; Wang et al., 2009). During auditory fear 

conditioning, activity in the DH is necessary for contextual processing, and the amygdala 

integrates a broad spectrum of sensory information for long-term storage (Helmstetter et al., 

2008). Furthermore, the plastic events occurring in the DH and amygdala impact one 

another, suggesting bidirectional modulation of plasticity between these regions during 

learning and memory (McIntyre, 2005; McReynolds et al., 2010; Richter-Levin & Akirav, 

2001). For example, the amygdala and hippocampus show increased synchrony following 

fear learning, and inactivation of the amygdala prevents increases in hippocampal immediate 

early gene expression (Huff et al., 2006; Narayanan et al., 2007; Pape et al., 2005). Our 

results are consistent with work demonstrating an important role for the amygdala during 

permanent memory storage but do not attempt to rule out the necessity of other brain regions 

in the consolidation and retention of a fear memory. Instead, the present set of experiments 

emphasizes that the DH and amygdala work together during fear memory formation and 

recall. We show that lidocaine infusions into the DH do not prevent auditory memory 

formation but impacts the ability to modulate this memory with amygdala manipulation. 

Therefore, the DH may gate the ability to modify an auditory fear memory in the amygdala 

during retrieval.

Collectively, these results provide insight for a role of contextual novelty during retrieval-

dependent memory modification and lend further support for DH-amygdala interactions 

during learning and memory. This adds to existing work showing the amygdala is a critical 

site for memory storage, plasticity, and reconsolidation-dependent memory modification, 

which is gated by contextual information processed by the DH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Memories can be “destabilized” when they are retrieved, but this memory 

lability depends on experience with the environment, or context, in which 

retrieval takes place.

• We found that contextual novelty at retrieval of a simple associative fear 

memory can control alterations in neural activity and calcium impermeable 

AMPA receptor internalization in the amygdala.

• Activity in the dorsal hippocampus is critical for the process through which 

retrieval-dependent plasticity in the amygdala is controlled.
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Figure 1: Training-related DH activity and contextual novelty regulate amygdala synaptic 
destabilization during fear retrieval.
Rats were infused with vehicle (VEH) or lidocaine (LIDO) in the DH prior to auditory fear 

conditioning (AFC). The next day, auditory fear retrieval occurred in the same context or a 

novel context to determine whether LIDO infusions into the DH during training influence 

cellular processes underlying synaptic destabilization, such as amygdala AMPA receptor 

internalization and increases in zif268 expression, in the absence of contextual novelty (a). 

There were no significant behavioral differences between groups during fear retrieval (b). 

LIDO infusions (n=3 rats) into the DH resulted in significantly greater amygdala zif28 

protein expression when compared to a VEH (n=4 rats) infused group (c). A CS presentation 

in a novel context or DH LIDO infusions prior to training resulted in reduced GluR1 and 

GluR2 expression when compared to a No Reactivation (NR) control (NR n=15, Context A 

VEH = 15, Context A LIDO n=12; Context B VEH n=12, Context B LIDO n=11) (d-e). All 

protein measurements were normalized to actin and there were no significant actin 

differences between groups (f). *p < 0.05.
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Figure 2: Amygdala synaptic destabilization during fear retrieval is regulated by contextual 
novelty but not DH activity.
Experimental design and representative amygdala zif268 image. Rats were trained with 

AFC. Groups were infused with VEH or LIDO into the DH prior to fear recall in the training 

context or in a novel context to determine whether a DH LIDO infusion prior to retrieval is 

sufficient for amygdala synaptic destabilization, evidenced by changes in zif268 expression 

and AMPA receptor internalization, when training and retrieval occur in the same context 

(a). There were no significant behavioral differences between groups during fear recall (b). 

There were no significant differences in zif268 expression between groups that received DH 

LIDO (n= 4 rats) or VEH (n= 4 rats) infusions prior to retrieval when training and retrieval 

occurred in the same context (c). Groups that received a VEH (n= 4 rats) infusion into the 

DH prior to retrieval show significantly higher zif268 expression when compared to a NR 

(n=4 rats) group when retrieval occurred in a novel context (d). GluR2 expression decreased 

from NR controls when fear recall occurred in a novel context but not when DH LIDO 
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infusions occurred prior to fear recall in the same context (NR n=7, Context A VEH n= 6, 

Context A LIDO n= 7, Context B VEH n=7). (e). There were no significant differences in 

GluR1 or actin expression (f-g). *p < 0.05.
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Figure 3: Memory lability at amygdala synapses is regulated by contextual novelty and DH 
activity during training.
Experimental design. Groups were infused with VEH or LIDO into the DH prior to AFC. 

Fear recall occurred in the training context, and groups received an infusion of VEH or 

anisomycin (ANI) into the amygdala immediately after fear recall (VEH-VEH n=9, VEH-

LIDO n=9, LIDO-VEH n=8, LIDO-ANI n=7) The next day, groups were tested for fear 

retention in the context in which training and retrieval occurred. This will determine whether 

the changes in amygdala synaptic stability following retrieval are required for memory 

lability when the contextual conditions are manipulated (a). Groups were infused with LIDO 
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or VEH into the DH prior to training, and there were no significant differences between 

groups during training (b&f). When LIDO and VEH infused groups are compared, there is a 

trend for a significant reduction during the baseline period but not auditory CS fear when 

groups received LIDO into the DH (c). Groups that received LIDO into the DH and 

anisomycin (ANI) into the amygdala froze significant less to the CS in comparison to the 

VEH-VEH condition during the CS presentation (d). Experimental design was as described 

in a, with the exception that all groups were infused with LIDO into the DH prior to AFC, 

and retrieval and testing occurred in a novel context (LIDO-VEH n=8, LIDO-ANI n=9) (e). 

There were no significant differences in baseline or auditory CS fear during retrieval in a 

novel context when groups received LIDO infusions into the DH prior to training (g). The 

group that received an amygdala ANI infusion immediately after retrieval froze significantly 

less to the CS than the VEH group during the test (h). #p = 0.06, *p < 0.05.
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